ABSTRACT The functional integrity of neurons requires the bidirectional active transport of synaptic vesicles (SVs) in axons. The kinesin motor KIF1A transports SVs from somas to stable SV clusters at synapses, while dynein moves them in the opposite direction. However, it is unclear how SV transport is regulated and how SVs at clusters interact with motor proteins. We addressed these questions by isolating a rare temperature-sensitive allele of Caenorhabditis elegans unc-104 (KIF1A) that allowed us to manipulate SV levels in axons and dendrites. Growth at 20°and 14°resulted in locomotion rates that were 3 and 50% of wild type, respectively, with similar effects on axonal SV levels. Corresponding with the loss of SVs from axons, mutants grown at 14°and 20°showed a 10-and 24-fold dynein-dependent accumulation of SVs in their dendrites. Mutants grown at 14°and switched to 25°showed an abrupt irreversible 50% decrease in locomotion and a 50% loss of SVs from the synaptic region 12-hr post-shift, with no further decreases at later time points, suggesting that the remaining clustered SVs are stable and resistant to retrograde removal by dynein. The data further showed that the synapse-assembly proteins SYD-1, SYD-2, and SAD-1 protected SV clusters from degradation by motor proteins. In syd-1, syd-2, and sad-1 mutants, SVs accumulate in an UNC-104-dependent manner in the distal axon region that normally lacks SVs. In addition to their roles in SV cluster stability, all three proteins also regulate SV transport.
address is what happens when synapses are allowed to develop and then anterograde transport is acutely impaired? Do all SVs go back to the soma by retrograde transport or are SV clusters stably maintained at synaptic sites? Are DCVs, which are not strongly clustered at synaptic sites (Hammarlund et al. 2008) , affected in the same way as SVs?
Additionally, one of the most important goals in the synaptic vesicle transport field is to determine how the activity of KIF1A is regulated. The finding that null alleles of C. elegans unc-104 (KIF1A) are lethal and essentially have a "nervous system null" phenotype (Hall and Hedgecock 1991) showed that no other motor protein can substitute for KIF1A. It also suggested that the regulation of KIF1A activity, along with external cues, provides the basis for synaptogenesis. Identifying regulators of KIF1A, which should have synaptic vesicle distribution phenotypes that resemble unc-104 reduction-of-function mutants, is thus critical for understanding how synapses develop. Surprisingly, the first identified regulator of KIF1A-driven SV transport was SYD-2 (liprin-a) (Shin et al. 2003; Miller et al. 2005; ). SYD-2 also regulates KIF1A-driven DCV transport (Goodwin and Juo 2013) . Originally identified in a genetic screen for mutations causing diffuse localization of a synaptic vesicle protein at synapses (Zhen and Jin 1999) , SYD-2 has a critical function in regulating the assembly of presynapses in some, but not all, neurons (Dai et al. 2006; Patel et al. 2006) . It is also a structural component of the dense projection at the active zone of the synapse, where it contributes to the clustering of SVs (Zhen and Jin 1999; Stigloher et al. 2011; . SYD-2 does not require UNC-104 to accumulate at synapses (Patel et al. 2006) , and most SVs are not cotransported with SYD-2 (Wu et al. 2013) , suggesting that it may exert its SV transport regulatory effects before SVs enter the axon or act on selected populations during transport.
It is unclear whether the dual functions of SYD-2 represent a special case or whether other synapse-assembly proteins also regulate SV and DCV transport. In the current study we used a forward genetic screen to discover a conditional mutation in the UNC-104 motor domain that, for the first time, allows the use of temperature to alter plus-enddirected KIF1A motor activity and thus control SV and DCV levels in axons. We used growth and behavioral analyses, quantitative imaging of neuron-wide vesicle distributions, and time-lapse analyses of vesicles in living animals to investigate how temperature affects growth, locomotion, and vesicle transport in the mutant. These studies led us to discover a major difference between SV and DCV transport with respect to their entry into dendrites when UNC-104 activity is reduced. The mutant also contributed to our discovery that multiple synapse-assembly proteins, and not just SYD-2, have dual roles in maintaining synaptic vesicle cluster stability and in regulating SV transport. An accompanying article shows that these same synapse-assembly proteins have an even broader role in regulating the active transport of cell soma organelles in neurons (Edwards et al. 2015) .
Materials and Methods

Worm culture and strains
Worm culture and manipulation essentially followed previously described methods (Stiernagle 2006; Brenner 1974) . Briefly, culture media was modified NGM (referred to as NGM-LOB) . Prior studies define the culture plate types "spread plates," "streak plates," and "locomotion plates" (Miller et al. 1999; Edwards et al. 2008) . We produced "spot plates" by dropping 6 ml of OP-50 culture onto an unseeded plate and growing 32 hr at 20°. To produce 96-well solid-media culture plates we prepared NGM-LOB media supplemented with three times the normal amount of peptone and 1g/liter of yeast extract. We used a WellMate Microplate Dispenser (Matrix) to dispense 375 ml of media to each well using standard bore tubing. Water for prewarming and priming the input lines and the molten media were kept in a 73°water bath while dispensing to prevent media solidification in the lines. After solidification of the wells we dispensed 10 ml of OP-50 bacteria culture to each well using small-bore tubing hooked to the WellMate Dispenser. We then dried the plates with their lids off for 1 hr 15 min in a 37°room before putting their lids back on, repacking and sealing them in their original packaging, and incubating them at 37°for 64 hr. At the end of this time, we unpackaged the plates, removed the condensation from each lid with a Kimwipe, repackaged them, and stored them at 4°for up to 1 month before use. Supporting Information, File S1 lists the genotypes and molecular lesions of all strains in this study.
INS-22-Venus forward genetic screen
We mutagenized 9000 L4's of the strain KG4247 ceIs201 (unc-17::INS-22-Venus, unc-17::mCherry, unc-17::ssmCherry) ) with 27.6 mM EMS in M9 supplemented with OP-50 bacteria for 4 hr at 20°. After growing this P 0 generation 72 hr at 14°on 2 spread plates, we rinsed all adults and larvae from the plates and allowed the F1 generation eggs to hatch overnight at 20°. We collected F1 hatchlings, counted them, plated 3000 on each of six spread plates, and grew them for 3 days at 20°. After rinsing all adults and larvae from these plates with sterile M9 buffer, we scraped the eggs off using a glass pipet and sterile M9, transferred them to a 15-ml conical, and centrifuged for 2 min at 1500 RPM in a clinical centrifuge (Dynac). We then washed the pellet with 12 ml of M9 before recentrifuging and removing the supernatant to 200 ml. We plated the egg suspension on unseeded NGM-LOB culture plates, incubated them overnight at 20°to allow the F2 eggs to hatch, and then collected F2 hatchlings, counted them, and plated 5000 on each of 18 spread plates. We grew half of these plates for 32 hr at 20°+ 16 hr at 14°and half for 8 hr at 20°+ 64 hr at 14°so that screening could be done on 2 successive days. These growth times produced mid-L4 stage synchronous F2 grandprogeny. For each half day of screening, we harvested animals from three of these plates using 5 ml of sterile PBS per plate and adding the suspension to 8 ml of sterile PBS stirring slowly in a 50 ml beaker. We counted 12 50-ml aliquots of this suspension, obtained an average, and adjusted the suspension volume to 24 worms/ 50 ml. At 20 min intervals, we pipetted 50 ml (24 worms) from the stirring suspension into each of the 12 center wells of a 96-well Mat-Tek glass bottom plate (MatTek Corporation, Ashland, MA; P96G-1.5-F-F) that had been preloaded with 50 ml of 300 mM Levamisole per well. Ten minutes after loading the first well we screened the animals in the 12 wells for 20 min using a 0.75 N.A. 203 dry objective on a Nikon TE-2000E inverted microscope with a universal stage containing an inset sized for 96-well plates. In each half day of screening, over 2 successive days per week, we screened 9 such rows of 12 wells. We screened animals in each well for decreased fluorescence in the dorsal cord and/or increased fluorescence in cell somas. At the end of each 20-min screening session, after noting wells containing such mutants, we pipetted the contents of each mutant-bearing well onto a predried streak plate using a Pasteur pipet, rinsed the well with 100 ml of M9, and then, immediately after the liquid dried in, clonally distributed up to 24 animals to a 96-well solid media culture plate containing a thick layer of OP-50 bacteria (see Worm culture and strains). Depending on the relative size of the mutant animal, we often plated fewer animals that were outside the relative size range observed for the mutant. After 3 days at 20°+ 1 day at 14°, we used a sterile toothpick to pick about six L4 stage animals from each well to Mat-Tek plate wells containing 150 mM Levamisole. After screening on the TE-2000E microscope, we noted wells with 100% mutant phenotype and used the corresponding well on the 96-well plate to score behavioral and other phenotypes and to set up stocks. We screened 31,104 F2 animals for a calculated 4.8-fold genomic coverage, taking into account an experimentally determined 23% loss of animals during recovery of the mutant.
Isolation of other mutants used in this study
We isolated sad-1(ce749) and syd-2(ce759) in an unrelated forward genetic screen (Edwards et al. 2015) . We isolated unc-104(ce515) in an unrelated forward genetic screen (K. G.
Miller, unpublished results).
Mapping, identification, and outcrossing of new mutations
We tested ce782 and ce515 for allelism with unc-104(e1265) using a complementation test by crossing ce782/+ or ce515/+ males to unc-104(e1265) hermaphrodites and scoring male cross progeny for the Unc-104 growth and locomotion phenotypes. Edwards et al. (2015) describes the mapping and whole-genome sequencing methods that we used to identify sad-1(ce749) and syd-2(ce759). We outcrossed the strains bearing the ce515, ce749, ce759, ce782, and ok217 mutations one, two, two, two, and three times to N2, respectively, before using them for the experiments in this article. File S1 lists the methods used for genotyping and verification of all of the mutations we used in strain constructions.
Plasmids
File S1 lists all of the DNA constructs used in this study along with their sources and/or construction details. In all constructs involving the cloning of PCR fragments, we sequenced the inserts and used clones containing no mutations in the fragment of interest to make the final plasmid stock.
Production of transgenes and genomic insertions
We prepared plasmids for micro-injection using the Qiagen Tip-20 system according to the manufacturer's instructions, except that we added a 0.1 M potassium acetate/2 vol ethanol precipitation step after resuspending the isopropanolprecipitated pellet. We produced transgenic strains bearing extrachromosomal arrays by the method of Mello et al. (1991) . For the syd-2 rescue experiment, the host was KG4526 syd-2(ok217); wyIs85. For all other injection experiments, N2 was the host. We used pBluescript carrier DNA to bring the final concentration of DNA in each injection mixture to 175 ng/ml and integrated transgenes into the genome as described ) using 9100 rad of gamma rays. File S1 lists all of the transgenic arrays in this study, their DNA contents, and the injection concentration of each DNA. We mapped the insertion sites of ceIs255 and ceIs264 by crossing the integrant through CB4856, reisolating and cloning homozygous insertion animals in the F2 generation, and using the resulting mapping lines to map the integration sites relative to SNPs as described .
CRISPR homologous recombination
To reproduce the G105E mutation via homologous recombination, we used the CRISPR oligo-templated dpy-10(cn64) co-conversion method (Arribere et al. 2014) . We cloned the Cas9 target sequence GAAAATCATATACAATGAT into the pRB1017 gRNA expression cassette as described (Arribere et al. 2014) to make the unc-104 gRNA plasmid. The mutation changed the middle base of the NGG motif from G to A. The unc-104(ce813) oligo-template included 50 bases on each side of this mutation for 101 bases total. The injection mixture was pDD162 (Cas9 plasmid; 50 ng/ml) (Dickinson et al. 2013) , pJA58 (dpy-10 gRNA plasmid; 25 ng/ml) (Arribere et al. 2014) , KG#784 (unc-104 gRNA plasmid; 25 ng/ml), and the dpy-10(cn64) and unc-104(ce813) oligo-templates (500 nM each). We injected 40 ceIs263 [unc-129::GFP-RAB-3] animals with this mixture and cloned 67 F1 rollers. Four of the lines (6%) yielded unc-104(ce813) dpy-10(cn64) progeny. Note that because unc-104 and dpy-10 are tightly linked (0.21 cM), and because co-conversion occurs in the same gamete, all of the converted animals were unc-104 dpy-10 doubles with a Dpy-10 phenotype (cn64/cn64 animals are Dpy non-Rol). We therefore separated the two mutations by crossing this double mutant to ceIs263 males and screening the F2's for non-Dpy-10 unc-104 mutants.
C. elegans strain constructions
To cross an integrated transgene into a mutant background, we typically crossed a male integrant strain made by the heatshock method to the mutant, although in some cases we used integrant/+ heterozygous males. After incubating 3 days at 20°, we cloned five L4-stage cross progeny carrying the fluorescently marked transgene. After 4 days at room temperature, we cloned 12 brightfluorescent (putatively homozygous for the transgene) mutant adult hermaphrodites and grew them 4 days at room temperature, before choosing one homozygous mutant line that was also homozygous for the transgene to make the stock. To construct strains carrying two mutations plus a transgene, we typically first crossed the insertion into each single mutant, and then used homo-or hemizygous integrant males for the first cross to mutant A, allowing the entire construction to be done in a background that is homozygous for the insertion. We constructed these strains, as well as the double mutants used for the locomotion assays (the latter lacking transgenes), using the standard method of crossing heterozygous males of mutant A with homozygous hermaphrodites of mutant B and cloning virgin F1 cross progeny. From plates segregating mutant A in their F2 progeny, we cloned mutant A and/or mutant B animals and looked for segregation of the double mutant in the next generation using behavioral phenotypes or otherwise genotyping as described in Supporting Information. After making a strain composed of two or more mutations, we confirmed the homozygosity of each mutation using the methods described in File S1 (see Mutations and Methods Used for Genotyping).
Quantitative fluorescence imaging and image analysis of dense core vesicle and synaptic vesicle distributions File S1 provides details of the procedures used for quantitative fluorescence imaging and image analysis, including growth and mounting of strains, image acquisition, processing images, quantifying images, and producing representative images.
Time-lapse video microscopy of dense core vesicle and synaptic vesicle active transport in live animals
File S1 provides details of the procedures used for time-lapse imaging, including growth and mounting of strains, temperature control, image acquisition, processing time-lapse images, quantifying movements from kymographs, pause analysis, and producing time-lapse movies.
Behavioral assays and videos
Previous studies described the basal locomotion rate assays (Miller et al. 1999; Reynolds et al. 2005) . For assaying heterozygotes, L4 hermaphrodite cross progeny were plated at three per plate on 10 locomotion plates at 23.5°and assayed 20-24 hr later as described (Miller et al. 1999; Reynolds et al. 2005) , except each of 10 animals was assayed for 6 min. The basal locomotion rate assays were modified as follows to assay animals at room temperature (defined as 22.0°-23.5°) that had been hatched and grown to young adulthood at different temperatures: we plated 12 L2-stage larvae on each of 12 spread plates (source plates) labeled 1-12 and grew them at the desired temperature until they had produced F1 mature adults. Sixteen hours before starting the assay, we equilibrated 12 locomotion plates (assay plates) to room temperature, wiped any condensation off the underside of the lids, and stored them inverted and unbagged in an incubator set at 23.5°for 16 hr. We then started a countdown timer for 8 min, removed the 1 assay plate from 23.5°and the 1 source plate from the growth incubator and picked a single day 1 gravid adult from the source plate onto the assay plate. We then immediately returned the assay plate to 23.5°and discarded the source plate. When the 8-min timer beeped, we reset it at 8 min and restarted the 8-min countdown, removed the 2 set of plates from each incubator and loaded them as above, and then transferred the 1 assay plate from the 23.5°incubator to a stereomicroscope stage at room temperature, at which point we located the animal on the plate (leaving the lid on the plate) and counted its body bends for 6 min using the standard definition of a body bend (Miller et al. 1999; Reynolds et al. 2005) . When the 8-min timer beeped again, we repeated the above steps until we had loaded and assayed all 12 animals. To assay animals for locomotion after growth at 20°and recovery at 13.5°, we produced 12 source plates by transferring 20 L2-stage unc-104(ce782) to each of 12 spread plates and grew them 8 days at 20°to produce a growing culture of F2 adults. We then performed the same locomotion assay as above, returning each plate to the 13.5°i ncubator for recovery before repeating the assay on the same set of plates after 24 and 48 hr at 13.5°. To assay animals for locomotion after growth at 13.5°+ 24 hr at 22.5°+ 24 hr at 13.5°, we produced 12 source plates by transferring 20 L2-stage unc-104(ce782) to each of 12 spread plates and grew them 14 days at 13.5°to produce a growing culture of F2 adults. We then performed the same locomotion assay as above, repeating the assay on the same set of plates after 24 hr, and then moving plates to 13.5°and assaying them 24 hr later on preequilibrated 22.5°plates. For the time-course locomotion assays we used the same growth and assay methods. We assayed the same set of 12 animals in the same order at each time point. We captured and converted videos of worms on culture plates as described .
Growth assays
To measure the growth time to adulthood and percent larval arrest, we first produced cultures at the desired growth temperature that contained gravid adults. We then picked 28 (N2) or 35 (ce782) gravid adults to each of two spot plates and incubated them at the growth temperature for 37 hr (if 13.5°) or 16 hr (all other temps). We then picked 20 late-stage (three-to fourfold stage) embryos from the plates to each of four locomotion plates (removing and replacing each plate one at a time from the growth incubator) and incubated them for 2 hr (13.5°), 1 hr (20°), 52 min (23.5°), or 50 min (25°). We then removed unhatched eggs from each plate, redistributing hatchlings between plates such that there were 12 hatchlings on each of three locomotion plates and nine hatchlings on the fourth plate. We then put all four plates at the growth temperature for 96 hr (13.5°), 48 hr (20°), 42.5 hr (23.5°), or 40 hr (25°) before beginning regular observations for young adults. We screened the plates by removing them one at a time from the growth temperature to room temperature, counting and picking off any young adults on the plate, and then returning the plate to the growth temperature. The intervals between observations (after the initial growth periods specified above) were 4 hr (13.5°), 2 hr (20°), 1 hr 45 min (23.5°), or 1 hr 40 min (25°). For temperatures at which the unc-104 mutants were very slow growing or larval arrested, we checked for young adults every 12 or 24 hr.
Statistical analysis
We performed all statistical comparisons using the unpaired t-test, Welch corrected (for comparisons between two selected groups), or ANOVA followed by the Tukey Kramer post-test (for comparisons involving three or more groups) or Fisher's exact test (as indicated) using Graphpad Instat 3 (Graphpad Software, Inc.). The P-value cutoff for statistical significance was #0.05.
Data availability
Strains and reagents are available upon request. The unc-104(ce782) mutant may be obtained from the Caenhorhabditis Genetics Center (http://www.cbs.umn.edu/research/ resources/cgc). File S1 contains Supplemental Materials and Methods and a detailed description of all of the strains, plasmids, and transgenes produced in this study.
Results
In the UNC-104 (KIF1A) motor domain mutant ce782, DCVs are depleted from axons and accumulate in cell somas
To identify proteins that regulate the distribution of DCVs between cell somas and axons, we expressed the fluorescently tagged neuropeptide INS-22-Venus as a genomically integrated transgene in C. elegans cholinergic motor neurons and performed a forward genetic screen for mutations that altered its distribution. In a screen of 31,000 F2 animals (approximately fivefold genomic coverage) we isolated, among other mutants, one mutant, ce782, in which DCVs are strongly depleted from axons and concentrated in cell somas ( Figure 1, A and B) . Genetic mapping and sequencing revealed that ce782 contains a missense mutation, G105E, in the motor domain of UNC-104 (KIF1A). The fact that G105 is conserved in mammals allowed us to map the ce782 mutation onto the previously determined crystal structure of the mouse KIF1A motor domain complexed with Mg-ADP (Kikkawa et al. 2001) . G105 (mouse G109) is part of a beta bridge and is immediately adjacent to the ADP-interacting residue K106 (mouse K110) (Figure 1, C and D) . Nucleotide exchange from ADP to ATP is critically important for both the regulation and motility of kinesin motors (Endow and Barker 2003; Cross 2004; Hirokawa and Takemura 2005; Block 2007; Hirokawa and Noda 2008) .
The UNC-104 (KIF1A) motor domain mutation confers temperature-sensitive allele-specific effects on locomotion
While working with unc-104(ce782), we noted that its growth and locomotion phenotypes appeared strongly sensitive to the temperature at which the animals were grown. When we measured the time required for it to grow from hatching to adulthood at various temperatures we found that, at the relatively low temperature of 13.5°, 100% of the animals tested reached adulthood in a time that was only 1.24-fold longer than that of wild type ( Figure 2A ). In contrast, at 25°, only 8 63% of ce782 mutants reached adulthood before the experiment was stopped at 13.6 days (mean 6SEM of four populations of 9-12 animals). Since a previous study found that most unc-104 null homozygotes arrest their growth as larvae (Hall and Hedgecock 1991) , unc-104(ce782) mutants grown at 25°appear to be null by this phenotype. However, much of this temperature sensitivity for growth is not unique to the unc-104(ce782) allele. The strong loss-of-function alleles unc-104(e1265), which has the missense mutation D1497N that prevents cargo binding , and unc-104(ce515), which produces a stop codon at Q1418 (this study) also showed significantly more larval arrest at 25°than at 13.5°( Figure 2B ). Since 25°is near the maximum temperature at which wildtype C. elegans can grow, the temperature effects on unc-104 loss-of-function mutants may be caused by the stress of growth at higher temperatures combined with the growthlimiting effects of the mutations.
The locomotion rates and postures of unc-104(ce782) mutants also varied widely with the growth temperature. When grown from hatching to adulthood at 13.5°, and then transferred to 23.5°plates for 8 min, ce782 had a locomotion rate that was 39% of wild type and often exhibited near wild-type posture and sinusoidal movement. In contrast, when the growth temperature was 20°, ce782 mutants moved only at 3.2% of the wild-type rate and were often tightly coiled, similar to unc-104 loss-of-function mutants (Figure 2 , B and C; movies in File S2, File S3, File S4, and File S5). These temperaturesensitive phenotypes are unique to the ce782 allele: the loss-offunction mutants unc-104(e1265) and unc-104(ce515) showed no temperature sensitivity for locomotion ( Figure 2B ) or posture (data not shown).
To determine whether the ce782 mutation is the sole cause of the temperature-sensitive locomotion phenotype, we used CRISPR oligo-templated homologous recombination to reproduce the ce782 mutation in a wild-type background. This strain, unc-104(ce813), phenocopied the ce782 mutant in its temperature-sensitive effects on locomotion: in assays performed as above, animals grown at 13.5°or 20°had locomotion rates that were 71% 615% and 6.4% 60.74% of the wild-type control strain, respectively (mean 6SEM, N = 12). We conclude that the G105E mutation causes the temperaturesensitive locomotion phenotype. Graph data are means and standard errors from 12-13 animals each. ***, P , 0.0001 when compared to wild type. (C) Sequence and secondary structure of mouse KIF1A, as determined by Kikkawa et al. (2001) , near the unc-104(ce782) mutation site. Purple arch, turn; orange wave, alpha helix; tan arrow at G109, beta bridge. Green circles indicate residues interacting with ADP, including K110. The location of the ce782 mutation (G109 in mouse; G105 in C. elegans) is circled red. (D) Location of the unc-104(ce782) mutation. Shown is the crystal structure of the motor domain of mouse KIF1A complexed with Mg-ADP as determined by Kikkawa et al. (2001) . The model was generated from the RCSB Protein Data Bank (PDB ID: 1I5S) using RCSB PDB Protein Workshop 4.1.0. The locations of ADP (ball and stick model), Mg2+ (green sphere), glycine 109, and lysine 110 are indicated.
The similarity of the ce782 mutant phenotypes to those of loss-of-function unc-104 mutants suggests that the ce782 mutation causes a temperature-sensitive loss of UNC-104 function. Consistent with this, the ce782 mutation is recessive: ce782/+ heterozygotes grown and assayed at the restrictive temperature of 23.5°had wild-type locomotion rates (26.6 6 4.0 body bends/min for ce782/+ vs. 28.4 6 3.3 for wild type, N = 10 animals each). This indicates that the mutant protein is not maintained at significant levels at this temperature and/or that wild-type UNC-104 effectively outcompetes the mutant protein.
In the UNC-104 (KIF1A) motor domain mutant, temperature-sensitive defects result in increased stalling and longer retrograde movements
To determine how the ce782 mutation affects vesicle transport at low and high temperatures, we used time-lapse imaging to record the movements of INS-22-Venus -tagged DCVs in motor neuron axon commissures in living animals. For these experiments we allowed animals to hatch and grow to adulthood at 13.5°and then either acquired the time lapses at 13.5°or acutely shifted the animals to 25°-equilibrated plates for 20 min during animal selection and mounting before starting the time lapses (25°-20 min). To investigate longer-term effects of temperature, we also collected time lapses from animals shifted to 25°as L3-L4 larvae and grown the remaining 12 hr to young adulthood at 25°(25°-12 hr). For temperature control, we moved the imaging equipment between controlled temperature rooms so that all equipment and the mounting area were the desired temperature.
In ce782 mutants that were grown at 13.5°or only briefly incubated at 25°(25°-20 min), we were able to capture and record DCV movements in both the ventral part of the axon commissures (proximal to the cell soma) and the dorsal part Figure 2 The UNC-104 (KIF1A) motor domain mutation confers temperature-sensitive allele-specific effects on locomotion. (A) Temperature sensitivity of the unc-104(ce782) mutant revealed by growth rates at various temperatures. Eggs hatched and grown at the indicated temperatures were monitored until they reached adulthood or until the experiment was stopped at 13.6 days. Data are means and SEMs from populations of 9 animals. ***, P , 0.0001 when comparing to wild type at the same temperature. (B) Temperature sensitivity of the indicated unc-104 alleles for larval arrest. Animals hatched at the indicated temperatures were monitored for development to the adult stage for 18 days (13.5°) or 7.5 days (25°). Data are means and SEMs from 3 populations of $50 animals each for each genotype. ***, P , 0.0001 when comparing to the same strain at 13.5°. (C) Effects of growth temperature on locomotion rate for the indicated unc-104 alleles. After growth at the specified temperatures, day 1 adults were transferred to plates equilibrated at 23.5°and allowed to adjust to the assay temperature for 8 min before quantifying locomotion rate. Data are means and SEMs from populations of 12 animals. ***, P = 0.0003 when comparing to the same strain at 13.5°. (D) Temperature sensitivity of the unc-104(ce782) mutant revealed by posture and appearance on plates after growth at permissive and restrictive temperatures. See also Movies in File S2, File S3, File S4, and File S5.
of the commissures (distal to the cell soma and just prior to the synaptic region of the dorsal cord). DCVs were also readily detectable in the dorsal cord at levels that were 40% of wild type, as shown below as part of Figure 10 . However, in ce782 mutants that were incubated for 12 hr at 25°, we were unable to detect any DCVs in the distal region of the commissure or in the dorsal cord, although these regions were detectable through the soluble RFP marker coexpressed in the same neurons by the integrated transgenic array. Thus, we collected all of the time lapses from the 25°-12 hr ce782 mutants from the ventral regions of the commissures. Figure 3A shows representative kymographs produced from the wild-type and ce782 time lapses at 13.5°and 25°. Kymographs allow vesicle movements to be viewed and measured for various parameters on a distance vs. time plot. DCVs in motor neuron commissures move bidirectionally. Movements outward from the cell soma toward the synaptic region (mediated by UNC-104) are designated as anterograde whereas movements toward the cell soma (presumably mediated by dynein) are designated as retrograde.
The data showed that DCVs in wild type increased their antero-and retrograde velocities by 2.8-and 2.7-fold, respectively, when shifted from 13.5°to 25°, which is consistent with temperature effects on biological activity within physiological ranges. At 13.5°the anterograde velocity of ce782 DCVs was about half the velocity of wild type (53%; P , 0.0001). This anterograde velocity defect was not significantly enhanced after 20 min at 25°(25°-20 min) (Figure 3C ). However, after 12 hr at 25°, the anterograde velocity showed a significant drop to 34% of wild type (Figure 3C) . The retrograde velocity of DCVs in ce782 at 13.5°w as only slightly reduced to 78% of wild type (not quite significant, P = 0.055); however, at 25°, the retrograde velocity of DCVs in ce782 was more strongly reduced, falling to 60% of wild type for both the 25°-20 min and the 25°-12 hr conditions (P # 0.006) ( Figure 3C ). The finding that retrograde minus-end-directed velocity is affected by a mutation in the motor domain of a plus-end-directed motor suggests a close regulatory connection between minus-and plus-end-directed transport in bidirectionally moving DCVs.
To determine if a lower ratio of anterograde to retrograde movements could contribute to the temperature sensitivity of ce782 we compared the percentage of anterograde movements at each temperature. The data showed only a small decrease when shifting ce782 from 13.5°to 25°(56-50%) that was not statistically significant ( Figure 3D ).
To further test if differences in antero-vs. retrograde movements could contribute to the temperature sensitivity of ce782, we compared the mean run lengths in the anteroand retrograde directions. At both 13.5°and 25°, the data revealed shorter run lengths in the ce782 mutant, but the shorter distances closely paralleled the slower velocities in each direction (i.e., when compared to wild type, they were decreased by about the same percentage as the velocities; Figure 3E ). Since retrograde velocity at 25°appears less affected by the mutation than anterograde velocity (60% of wild for retrograde vs. 34% of wild for anterograde for 25°-12 hr), we tested whether there was a significant difference in retrograde vs. anterograde run length that could explain the absence of DCVs in ce782 mutant axons after 12 hr at 25°. Consistent with the significant drop in anterograde velocity after 12 hr at 25°(compared to 20 min at 25°), the data showed that, in the 25°-12 hr ce782 mutants, the mean retrograde run length was 67% greater than the mean anterograde run length (P = 0.0085; Figure 3E ). When we performed the same comparisons for wild type and ce782 at 13.5°and 25°-20 min, there was no significant difference in the run length in one direction vs. the other ( Figure 3E ).
To determine whether a defect in the initiation of DCV movement also contributes to the temperature sensitivity of ce782, we compared the percentage of mobile puncta per time course at each temperature. At 13.5°, ce782 had a lower percentage of mobile puncta than wild type (37% vs. 53%; P = 0.0043; Figure 3F ). For wild type acutely shifted to 25°(25°-20 min) there was no significant change in the percentage of mobile puncta; however, when ce782 mutants were acutely shifted to 25°we observed a significant decrease in the percentage of mobile puncta (from 37 to 23%, P = 0.002; Figure  3F ). Thus, at 13.5°wild-type animals have a 1.4-fold higher percentage of mobile puncta than ce782 (53%/37%), and at 25°this ratio increases to 2.8-fold (64%/23%).
In summary, the time-lapse data show that the ce782 mutant has a temperature-independent effect on DCV velocity that results in anterograde velocities that are about half of wild type at both 13.5°and after 20 min at 25°. A second decrease in anterograde velocity that is temperature dependent occurs sometime between 20 min and 12 hr at 25°. Retrograde velocity of DCVs is significantly reduced at 25°-20 min compared to wild type, but unlike antergrade velocity, does not further decrease after 12 hr at 25°. Correlating with the skewed effects on directional velocity, the data showed that after 12 hr at 25°ce782 mutant DCVs move greater distances in the retrograde direction than the anterograde direction, thus providing an explanation for the absence of DCVs in ce782 mutant axons after 12 hr at 25°. The mutant also shows a temperature-dependent decrease in the percentage of mobile DCVs, suggesting that, in addition to the directional bias, the mutation causes a temperature-sensitive defect in the initiation of DCV transport.
unc-104(ce782) mutants show an abrupt, irreversible impairment of locomotion after 12 hr at the restrictive temperature
To further investigate how long unc-104(ce782) mutants must spend at the higher restrictive temperature to maximize impairment of the anterograde vesicle motor, we performed a time-course locomotion assay by allowing ce782 mutants to hatch and develop at 13.5°, shifting them to 23°-equilibrated plates and quantifying the locomotion rates of the same set of animals every 4 hr for 24 hr. Under these conditions, the wild-type control animals showed a strong 50% reduction in locomotion rate at the first two time points (4 and 8 hr), but then recovered to rates that were not significantly different from the 0-hr rate for all remaining time points ( Figure 4A ). This apparent temperatureinduced lethargus may be related to recent findings that heat shock can induce quiescence or a sleep-like state in C. elegans Nelson et al. 2014) . Unlike wild type, the ce782 mutant maintained its 0 hr locomotion rate (50% of wild type) at the 4-and 8-hr time points, suggesting that this effect requires a threshold of neuronal activity that is not met in the ce782 mutant. Between the 8-and 12-hr time points, however, the locomotion rate of ce782 showed an abrupt decrease to 50% of its 0-hr rate. This rate did not significantly decrease at subsequent time points, but instead remained about fivefold higher than ce782 mutants that had been hatched and grown at 20°with no temperature shift ( Figure  4A ). The 12-hr time point was also the first time point at which we noted postural changes in the animals (a shift from sinusoidal to coiled postures; data not shown).
The temperature-induced transition that occurs at 12 hr is irreversible: when we allowed ce782 mutants to hatch and develop at 13.5°, shifted them to 23°for 24 hr, and then shifted them back to 13.5°for an additional 24 hr, their locomotion rate did not significantly change during the final 13.5°incubation ( Figure 4B ).
In combination with the time-lapse data, the behavioral data suggest that, in addition to the acute effects of the temperature change on vesicle transport, exposure of the unc-104(ce782) mutant to the restrictive temperature for somewhere between 8 and 12 hr causes an additional, irreversible change in the mutant motor, such as a destabilization of the motor, that further impairs its function.
Retrograde movement bias and increased pausing of synaptic vesicles in the unc-104(ce782) mutants Defects in SV transport, as opposed to DCV transport, are likely the major cause of the strong growth and locomotion defects in unc-104(ce782) mutants. We therefore used timelapse imaging to record the movements of GFP-RAB-3-tagged SVs in DA6/DB6 motor neuron axon commissures, in the region proximal to the cell soma, using a new transgene that we made, ceIs263, which expresses GFP-RAB-3 at low levels in these neurons ( Figure 5 , drawing). We quantified directionality, velocity, percentage of time spent paused, and mean run lengths in each direction after growth at 13.5°followed by 20 min at 25°. The unc-104 mutant had a significantly lower percentage of its SVs moving in the anterograde direction significantly lower than that of wild type (40% vs. 70% in wild type; Figure 5 , A and B). The effects of the unc-104 mutation on SV velocities was similar Figure 3 Active transport properties of wild-type and unc-104(ce782) mutant animals at 13.5°and 25°. (A) Representative kymographs of DCV movements in motor neuron commissures of animals with the indicated genotypes carrying the ceIs201 transgene that expresses the tagged neuropeptide INS-22-Venus in cholinergic motor neurons. Top two kymographs: from animals kept at 13.5°from hatching through image acquisition; the bottom two kymographs: from animals hatched and grown to adults at 13.5°, and then shifted to 25°for 23 min before starting the time lapse. The left part of each image is closest to the cell soma. Inset illustrates anterograde vs. retrograde movements. See also Movies in File S6, File S7, File S8, and File S9. (B) Table summarizing the sample sizes used to produce the graphs in C-G. (C-F) Graphs plotting various indicated parameters extracted from the kymographs and timecourse analyses. "13.5°" indicates that animals were kept at 13.5°from hatching through image acquisition. "25.0°" indicates that animals were hatched and grown at 13.5°and then shifted to 25.0°for 23 min before collecting the time lapses. "25°+ 12h" indicates that animals shifted to 25°as mid-to late-stage larvae for 12 hr before acquiring the time lapses. Error bars are standard errors of the means, derived from individual values that are means for each time course. P-values for selected comparisons are shown in blue.
to its effects on DCV velocities (shown in Figure 3 ). The mean anterograde velocity was reduced to 50% of wild type, and the mean retrograde velocity was also significantly reduced, to 76% of wild type vs. 60% of wild type for DCVs ( Figure 5C ). The SVs in the unc-104 mutant spent most of their time (85%) in a paused state. In contrast, wild-type SVs spent only 49% of their time in a paused state ( Figure 5D ). Wild type's mean anterograde run length (6.5 mm) was significantly longer than its mean retrograde run length (5.0 mm). In contrast, unc-104's mean anterograde run length (2.4 mm) was significantly shorter than its mean retrograde run length (3.1 mm; Figure 5E ). In summary, compared to wild type, SVs in the unc-104(ce782) mutant spend most of their time in a paused state and, when moving, have a bias toward retrograde movements in both directionality and run length.
In unc-104(ce782) mutants, growth temperature determines how synaptic vesicles are distributed between synaptic and dendritic regions
We next tested how growth temperature affects the global distribution of SVs between the cell soma, dendrite, and axonal synaptic region of a cholinergic motor neuron in unc-104(ce782). For these experiments we visualized SVs using the genomically integrated transgene wyIs85, which expresses the synaptic vesicle protein GFP-RAB-3 in the DA9 cholinergic motor neuron ( Figure 6A ; . We imaged animals at 20°after allowing them to hatch and grow to young adulthood at the desired temperature.
The analysis of the synaptic region paralleled the growth and behavior results in Figure 2 . For ce782 mutants grown at 11°and 13.5°, the SV density was 50 and 59% of wild type, respectively, and there was no significant difference between these two lower temperatures. However, for animals grown at 20°, the SV density was reduced to only 1.7% of wild type ( Figure 6B ). This is similar to the locomotion rate reduction to 3.2% of wild type ( Figure 2C ). In contrast, the loss-of-function alleles ce515 (nonsense allele) and e1265 (cargo binding missense allele) had similarly low SV densities in their axons whether animals were grown at 13.5°or 20°(2% of wild type; Figure S1 ). Thus, the temperature-sensitive SV transport phenotype of ce782 is allele specific.
The cell soma analysis revealed the expected accumulation of SVs. ce782 mutants grown at 13.5°had about threefold higher cell soma SV density than that of wild type; however, this ratio was not significantly changed in ce782 mutant animals grown at 20°( Figure 6C ). Instead the bulk of the "missing" SVs accumulated in ce782 mutant dendrites in a temperature-dependent manner. At 13.5°, ce782 mutant dendrites had a 10-fold higher SV density than that of wild type at the same temperature, whereas at 20°this ratio increased to 24-fold ( Figure 6C ).
Dynein-mediated transport prevents synaptic vesicles from accumulating in the synaptic region and drives accumulation in dendrites when UNC-104 function is reduced
In C. elegans neurons, including cholinergic motor neurons, microtubules in the axon are oriented with their plus ends out (i.e., toward the synaptic region), whereas microtubules in the dendrite are predominantly oriented with their minus ends out (Goodwin et al. 2012; Maniar et al. 2012; Yan et al. 2013) . found that eliminating the cyclindependent kinase pathways CDK-5 (cyclin-dependent kinase 5) and PCT-1 (Pctaire kinase) in the DA9 motor neuron causes a redistribution of SVs from the synaptic region to the cell soma and dendrite similar to unc-104 loss-of-function mutants and that this redistribution requires components of the dynein minus-end-directed motor complex, such as DHC-1 (dynein heavy chain) and NUD-2 (known as NUDEL in vertebrates). NUDEL is a substrate of Cdk5 (Niethammer et al. 2000) that forms a complex with the dynein regulator LIS1 and dynein heavy chain (Niethammer et al. 2000; Sasaki et al. 2000) . To determine the extent to which the dynein motor complex contributes to the dramatic redistribution of SVs in unc-104(ce782) we compared DA9 Figure 4 unc-104(ce782) mutants show an abrupt, irreversible impairment in locomotion after 12 hr at the restrictive temperature. (A) The restrictive temperature affects behavior of the unc-104(ce782) mutant at 12 hr. Animals of the indicated genotypes were hatched and developed to the young adult stage at the permissive temperature of 13.5°and then were transferred to 22.5°-equilibrated plates for 8 min before counting body bends/min for 6 min at 23°. Each point represents the mean and standard error of 12 animals. (B) After temperature decreases the locomotion rate of unc-104(ce782), there is no recovery when switching back to 13.5°. Shown are locomotion rates of unc-104(ce782) mutants after hatching and growth to adulthood at 13.5°, after a 24-hr incubation at 23°and after an additional 24-hr incubation at 13.5°.
synaptic vesicle distributions at 13.5°and 20°in ce782 mutants carrying the null deletion mutation nud-2(ok949). At 13.5°, we found that eliminating NUD-2 in ce782 increased SV density in the synaptic region from 59 to 105% of wild type and, at 20°, eliminating NUD-2 increased synaptic SV density .13-fold, from 1.7 to 23% of wild type (Figure 7) . Correspondingly, in the dendrites of animals grown at 13.5°or 20°, eliminating NUD-2 in ce782 reduced SV density by 16-and 7-fold, respectively. For animals grown at 13.5°, this level is below that of wild type ( Figure  8 ). The cell soma SV densities in these double mutants were either not significantly changed for animals grown at 13.5°o r slightly increased for animals grown at 20° (Figure 8 ). In summary, the data suggest that the minus-end-directed motor dynein prevents SVs from accumulating in the synaptic region and drives their accumulation in dendrites when UNC-104 function is reduced.
Eliminating the dynein regulator NUD-2 (Nudel) suppresses the sluggish locomotion caused by reducing UNC-104 function If the above redistribution of GFP-RAB-3 in the neurons of unc-104(ce782); nud-2(ok949) double mutants represents a redistribution of actual SVs in most or all neurons, these double mutants should also show improved locomotion relative to unc-104(ce782) single mutants and that is the case. Similar to the results with SV density in the synaptic region and dendrites, eliminating nud-2 increased the locomotion rate of ce782 animals grown at 13.5°from 39% of wild type to a level that was not significantly different from wild type. Similarly, for ce782 animals grown at 20°, eliminating nud-2 increased their locomotion rate by about fivefold, which roughly parallels the sevenfold increase in SV density in the synaptic region. Despite these strong effects on locomotion rate of the ce782 mutant, the locomotion rate of nud-2 single mutants was not significantly different from wild type (Figure 9 ).
Unlike synaptic vesicles, dense core vesicles do not accumulate in dendrites in a mutant with an impaired UNC-104 (KIF1A) motor Although DCVs and SVs both use UNC-104 for transport to axons, a previous study found differences in the membrane trafficking pathways that operate on these two kinds of vesicles before they exit the cell soma . To determine if DCVs, like SVs, also accumulate in dendrites when UNC-104 function is reduced, we produced genomically integrated transgenes for imaging DCVs and SVs in the same neurons, a subset of 9 DA and DB class cholinergic motor neurons. One strain expresses the synaptic vesicle marker GFP-RAB-3, and the other strain expresses the DCV neuropeptide cargo INS-22-Venus. Both transgenic strains also express soluble RFP under the same promoter for use as an internal control for expression. A quantitative analysis of this marker showed that the unc-104(ce782) mutation did not significantly affect the cell soma levels of soluble RFP (data not shown).
Our analysis of SVs in these neurons largely paralleled the results presented in Figure 6 for the DA9 neuron. For ce782 mutants grown at 13.5°, the synaptic region SV density was 55% of wild type. At 20°, synaptic SV density in the mutant was reduced to 2.7% of wild type ( Figure 10A ). In cell somas, ce782 mutant animals grown at 13.5°and 20°h ad 20-and 27-fold higher SV densitites than that of wild type, respectively ( Figure 10A ). As in the DA9 neuron, SVs accumulated at high levels in ce782 mutant dendrites in a temperature-dependent manner. At 13.5°, ce782 mutant dendrites had 14-fold higher SV densities than that of wild type at the same temperature, and at 20°this ratio increased to 25-fold ( Figure 10A ). To determine whether the ce782 Figure 6 In the unc-104(ce782) mutant, growth temperature determines how synaptic vesicles are distributed between synaptic, somatic, and dendritic regions. (A) Drawing illustrates the location and anatomy of the DA9 cholinergic motor neuron imaged in this experiment. The soma and the dendrite are on the ventral side of the animal. An axonal commissure carries SVs to the synaptic region on the dorsal side. A long axonal region anterior to the synaptic region lacks SVs and synapses in wild type. (B and C) Representative images and quantification of GFP-RAB-3 SVs in the dorsal synaptic region (B) or soma and dendrite (C) of the DA9 motor neuron in animals with the indicated genotypes that were hatched and grown at the indicated temperatures before imaging at room temperature. GFP-RAB-3 is expressed from the integrated transgene wyIs85. Graph data are means and standard errors from 12-13 animals each. P-values for B: at 11.0°and 20.0°, P , 0.0001 when comparing to wild type at the same temperatures, whereas the P-value at 13.5°is 0.026. P-values for C: at 11.0°, the cell soma difference between wild type and unc-104(ce782) is not statistically significant, but the dendrite P-value at 11.0°is 0.0028. All other P-values are ,0.0001 when comparing wild type and the mutant at the same temperatures. n.s., not significant. mutation is the sole cause of the temperature-dependent synaptic vesicle redistribution phenotype, we used CRISPRgenerated allele unc-104(ce813), which contains the same mutation as ce782 in a background containing the GFP-RAB-3 integrated transgene. The ce813 mutant phenocopied the ce782 mutant: SV levels in ce813 mutant axons, somas, and dendrites at 13.5°and 20°did not differ significantly from SV levels in ce782 mutant axons, somas, and dendrites at the same temperatures ( Figure 10A ). We conclude that the G105E mutation causes the temperature-sensitive synaptic vesicle redistribution phenotype.
Our analysis of the DCV marker in the same neurons showed similar effects of the ce782 mutation with respect to the DCV distribution between cell somas and the synaptic regions. For ce782 mutants grown at 13.5°, the synaptic region DCV density was 36% of wild type and, at 20°, it was reduced to ,2% of wild type ( Figure 10B ). In cell somas, ce782 mutant animals grown at 13.5°and 20°had about 3-and 2.3-fold higher DCV densities, respectively, than that of wild type ( Figure 10B ). In dendrites, wild-type animals showed very low levels of the DCV marker, on the order of one to two vesicle puncta every 30 mm. However, in a striking difference between DCV and SV transport, the DCV marker did not accumulate in the dendrites of ce782 mutant animals grown at either 13.5°or 20°. At both growth temperatures the DCV density in ce782 mutant dendrites was not significantly different from wild type ( Figure  10B ). This is unlikely to be an allele-specific trait of the ce782 mutant because a previous study found that the loss-of-function mutant unc-104(e1265) had close to wildtype levels of dendritic DCVs, although that study did not analyze dendritic SV accumulation in the same neurons (Goodwin et al. 2012) .
CDK-5 (cyclin-dependent kinase 5) inhibits dense core vesicles from accumulating in dendrites in mutants with an impaired UNC-104 (KIF1A) motor
The dramatic difference between dendritic DCV and SV densities in an unc-104 loss-of-function background suggests a difference in how microtubule minus-end-directed transport of these two kinds of vesicles is controlled in a background of reduced UNC-104 activity. Previous studies have found that CDK-5 and the synapse-assembly protein SYD-2 inhibit the dynein-mediated dendritic accumulation of DCVs (Goodwin et al. 2012; Goodwin and Juo 2013) . CDK-5 and SYD-2 also act together in the same system to inhibit the dendritic accumulation of lysosomes in mutants lacking UNC-16 (Edwards et al. 2015) . To determine if CDK-5 and/or SYD-2 inhibit DCVs from accumulating in dendrites in unc-104(ce782) mutants, we quantified dendritic and cell soma DCV densities in cdk-5 and syd-2 single mutants and the corresponding doubles with unc-104(ce782). For these experiments we used the null deletion alleles cdk-5(gm336) ) and syd-2(ok217) , and we analyzed all strains after growth at 14°. In both cdk-5 and syd-2 single mutants, DCVs accumulated in dendrites at levels that were about nine-and threefold higher, respectively, than that of wild type ( Figure  11A ), consistent with previous findings (Goodwin et al. 2012; Goodwin and Juo 2013) . We also quantified DCVs in cdk-5 and syd-2 mutant cell somas and observed 1.5-and 2.5-fold significant increases, respectively ( Figure 11B ). However, in double-mutant combinations of cdk-5 and syd-2 with unc-104, only unc-104; cdk-5 double mutants accumulated DCVs in their dendrites. The accumulation in the distal dendrite region was 14-fold higher than that of wild type. Figure 7 The dynein regulator NUD-2 (NUDEL) prevents synaptic vesicles from accumulating in the synaptic region when UNC-104 (KIF1A) function is reduced. Drawing illustrates the location and anatomy of the DA9 cholinergic motor neuron. The boxed synaptic region was imaged. Bottom: representative images and quantification of GFP-RAB-3 SVs in strains with the indicated genotypes that were hatched and grown at the indicated temperatures. GFP-RAB-3 is expressed from the integrated transgene wyIs85. Images are identically scaled relative to wild type at the same temperature. Graph data are means and standard errors from 12-13 animals each. P-values for selected comparisons are shown in blue. n.s., not significant.
This fold increase in dendrites is similar to what we observed for SVs in unc-104 single mutants grown at 14° (Figure 10A) , and it was accompanied by a 50% decrease in cell soma DCVs in unc-104; cdk-5 double mutants compared with unc-104 single mutants ( Figure 11B ). In contrast the DCV densities in unc-104; syd-2 double mutants were significantly lower than that of wild type in both their somas and dendrites. Although the reason for this is not immediately clear, it is not caused by mutant-specific changes in the expression level, since levels of the soluble mCherry internal expression control that is also part of the transgenic array were not significantly different from wild type for any of the single-or double-mutant combinations ( Figure 11C ). In summary, the results suggest that CDK-5 inhibits DCVs from accumulating in dendrites in mutants with decreased UNC-104 activity.
Synaptic stability under conditions of excessive retrograde transport
The time-lapse data, along with the data showing strong rescue of ce782 mutant phenotypes by impairing minus-enddirected dynein transport in axons, and as much as a 24-fold accumulation of SVs in ce782 mutant dendrites containing minus-end-out microtubules, suggest that the ce782 mutant defect ultimately translates into a disruption in the balance of minus-vs. plus-end-directed transport such that there is excessive retrograde transport of SVs in the axon. The temperature sensitivity of the ce782 mutant allowed us to investigate an interesting question: How stable are mature synaptic vesicle clusters under conditions of excessive retrograde transport? Are they completely disassembled or is a population of SVs in the cluster resistant to redistribution by molecular motors?
The locomotion data in Figure 4A showed an abrupt 50% decrease in locomotion rate after 12 hr of exposure of the unc-104(ce782) mutant to the restrictive temperature. However, this rate did not significantly decrease at subsequent time points, but instead remained about fivefold higher than ce782 mutants that had been hatched and grown at 20°with no temperature shift. One possible explanation for this behavioral data is that significant numbers of SVs are not removed from ce782 mutant synapses until sometime between 8 and 12 hr after the temperature shift, and the remaining SVs are stably maintained, even at the restrictive temperature. We tested this by allowing ce782 mutants to produce mature synapses at the growth temperature of 13.5°, shifting them to 25°, and then quantifying GFP-RAB-3 at DA9 motor neuron synapses every 4 hr for 24 hr. The imaging Figure 8 The dynein regulator NUD-2 (NUDEL) mediates synaptic vesicle accumulation in dendrites when UNC-104 (KIF1A) function is impaired. Drawing illustrates the location and anatomy of the DA9 cholinergic motor neuron. The boxed region was imaged. Bottom: representative images and quantification of GFP-RAB-3 in strains with the indicated genotypes that were hatched and grown at the indicated temperatures. GFP-RAB-3 is expressed from the integrated transgene wyIs85. Images are identically scaled relative to wild type at the same temperature. Graph data are means and standard errors from 12-13 animals each. P-values for selected comparisons are shown in blue. n.s., not significant. results paralleled the behavioral results: the synaptic SV density remained unchanged 4 and 8 hr after switching from 13.5°to 25°. However, the 12 hr time point showed a 50% drop in synaptic SV density. This level did not further decrease at the remaining time points (16, 20, and 24 hr), but instead remained at 18-23% of wild type (Figure 12 , which is .10-fold higher than the synaptic SV density of ce782 mutants that had been hatched and grown at 20°with no temperature shift (1.7%; as shown in Figure 6 ). We note that this is not the case with DCVs, since ce782 mutants that had been shifted to 25°for 12 hr to prepare for the timelapse imaging in Figure 3 had no detectable DCVs in their dorsal commissures or axons (data not shown).
Taken together, the behavioral and imaging data suggest that a population of 50% of the SVs at mature synapses are resistant to being removed by the synaptic vesicle retrograde motor when the anterograde motor is impaired.
Synapse-assembly proteins prevent the anterograde transport of synaptic vesicles beyond the synaptic region One possible explanation for stability of mature SV clusters in the context of an impaired anterograde motor is that the synapse-assembly protein SYD-2, required to tether vesicles to the active zone dense projection and known to inhibit dissociation of SVs from mature synapses (Stigloher et al. 2011; Wu et al. 2013) , protects a distinct population of 50% of the SVs from loss by the minus-end-directed motor dynein. Since directly testing this hypothesis would require conditionally inactivating syd-2, we looked for additional evidence that SYD-2 and/or other synapse-assembly proteins protect synaptic vesicle clusters from dissociation by a molecular motor. If synapse-assembly proteins inhibit dissociation of synaptic vesicle clusters, then, in synapse-assembly mutants, the anterograde motor should carry SVs or clusters of vesicles beyond the synaptic region to the asynaptic region in neurons that have distal asynaptic regions. To test this, we imaged GFP-RAB-3 in the DA9 motor neuron synaptic and asynaptic regions in wild-type and synapse-assembly mutants. DA9's asynaptic region extends well beyond the synaptic region to cover nearly half of the adult animal's length (Figure 13 drawing) . Previous studies have found that SYD-1 and SYD-2 act together in the same pathway to regulate synapse assembly (Dai et al. 2006; Patel et al. 2006) . sad-1 mutants show similar defects in synaptic vesicle clustering (Crump et al. 2001; Patel et al. 2006) , and the synaptic localization of CFP-tagged SAD-1 is dependent on SYD-2 (Patel et al. 2006) , suggesting that it may act downstream of SYD-2. We found that null deletion mutations in syd-1 and syd-2 reduced the SV density in the synaptic region to 65% and 40% of wild type, respectively, while a sad-1 nonsense mutant showed a nonsignificant reduction to 80% of wild type ( Figure 13A) . Corresponding with the loss of the synaptic vesicle marker from the synaptic region, we found SVs or SV clusters in the asynaptic region in all of these mutants. Wild type's asynaptic region contains almost no detectable SVs, whereas each of the synapseassembly mutants contain SV clusters throughout their length ( Figure 13 , representative images). To quantify this, we defined a minimum threshold of GFP-RAB-3 intensity for a wild-type synaptic vesicle cluster, applied this to wild type and each of the mutants, and then measured the length of the region containing SV clusters that equaled or exceeded the threshold. By this metric, syd-1, syd-2, and sad-1 mutants had synaptic region lengths that were 3.8-, 4.0-, and 3.0-fold longer than that of wild type, respectively, with P-values of significance at ,0.0001 ( Figure 13B ). For syd-2, we demonstrated that this is a cell autonomous effect, as opposed to, for example, a developmental cue from another neuron that causes synapses to form in the asynaptic region, because a transgene expressing the syd-2 gene solely in the DA9 neuron significantly rescued syd-2's SV phenotypes in the synaptic and asynaptic regions ( Figure 13, A and B) . The total axonal GFP-RAB-3 fluorescence syd-1, syd-2, and sad-1 null mutants, calculated by adding the total integrated intensity within the synaptic and asynaptic regions, was not significantly different from wild type, with the exception of one of the two syd-2 mutants, which was slightly lower ( Figure 13C ; P = 0.04).
Synapse-assembly proteins are required to produce synaptic vesicle clusters at synapses when anterograde synaptic vesicle transport is compromised
To investigate genetic interactions between synapse-assembly mutants and UNC-104 (KIF1A) and to confirm that UNC-104 is the motor responsible for the anterograde accumulation of SV clusters in the asynaptic region in the synapseassembly mutants, we crossed the synapse-assembly mutants syd-2(ok217), syd-2(ce759), and sad-1(ce749) into the unc-104(ce782) mutant background. This revealed a synthetic genetic interaction in which double mutants that were hatched and grown at the permissive temperature of 13.5°resembled unc-104(ce782) single mutants that had been hatched and Figure 9 Eliminating the dynein regulator NUD-2 suppresses the sluggish locomotion caused by reducing UNC-104 function. After growth at the indicated temperatures, day 1 adults were transferred to plates equilibrated at 23.5°and allowed to adjust to the assay temperature for 8 min before counting body bends for a 6 min interval. Data are means and SEMs from 12 animals. P-values for selected comparisons are shown in blue. n.s., not significant. Figure 10 Unlike synaptic vesicles, dense core vesicles do not accumulate in dendrites in mutants with an impaired UNC-104 (KIF1A) motor. (A and B) As indicated, graphs and representative images of GFP-RAB-3 SVs expressed from the ceIs263 integrated transgene and INS-22-Venus dense core vesicle cargo expressed from the ceIs255 integrated transgene in strains with the indicated genotypes that were hatched and grown at the indicated temperatures before imaging the indicated regions at room temperature. Images from the mutants are scaled identically to wild type at the same temperature. Data are means and standard errors from 12-15 animals each. (A) unc-104(ce782) (produced by random EMS mutagenesis) and unc-104 (ce813) (produced by CRISPR homologous recombination) are identical mutations in unc-104. P-values comparing wild type and ce782 at the same temperatures are ,0.0001 for all comparisons except the dendrite 13.5°data (P = 0.001). The two unc-104 alleles do not differ significantly from each grown at the restrictive temperature of 20°with respect to posture, growth, and locomotion rates. While none of the three synapse-assembly single mutants had locomotion rates that were significantly lower than that of wild type, the two unc-104(ce782); syd-2 double mutants, hatched and grown at 13.5°, often showed coiled postures (data not shown) and had locomotion rates that were 5% of wild type ( Figure 14A ) and not significantly different from unc-104(ce782) mutants hatched and grown at 20°. While this manuscript was in preparation, another study also reported a strong synthetic effect on locomotion rate when combining a weak unc-104 mutation and a syd-2 null mutation (Zheng et al. 2014) .
To determine the cellular basis of the synthetic behavioral phenotypes, we crossed the genomically integrated SV marker into the syd-2(ce759) single mutant and the unc-104(ce782); syd-2(ce759) double mutant and quantified SV density in the DA9 motor neuron axon in animals grown at the permissive temperature of 13.5°. unc-104 and syd-2 single mutants grown at this temperature had synaptic SV densities that were 60 and 70% of wild levels ( Figure  14B ). However, in unc-104; syd-2 double mutants grown at 13.5°, synaptic GFP-RAB-3 was nearly absent (5% of wild type; Figure 14B ). The synaptic region length of the unc-104; syd-2 double mutant was shortened to 10.2 65.0% of wild type (mean 6SEM; N = 14 axons), and we detected no GFP-RAB-3 signal in the asynaptic region (data not shown). We conclude that UNC-104 is the anterograde motor that carries synaptic vesicle clusters to the distal asynaptic region in syd-2 single mutants and that synapse-assembly proteins are required to produce synaptic vesicle clusters at synapses when anterograde synaptic vesicle transport is reduced.
Synapse-assembly mutants accumulate synaptic vesicles in their somas and dendrites due to a defect in synaptic vesicle transport
The synthetic genetic interactions between unc-104 and syd-2 mutants may result, in part, from the inability of SVs to be retained at synaptic sites due to reduced SV clustering in syd-2 mutants (Stigloher et al. 2011; Wu et al. 2013) . However, previous studies in flies and worms have found that, in addition to impaired SV clustering, syd-2 loss-of-function mutants also have defects in SV and DCV transport (Shin et al. 2003; Miller et al. 2005; Goodwin and Juo 2013; Zheng et al. 2014) . Thus, the strong genetic interaction that prevents SVs from accumulating at synaptic sites in unc-104(ce782); syd-2 double mutants grown at the permissive temperature may result from an earlier defect (i.e., preceding synapse formation), in which a double "hit" to synaptic vesicle transport prevents SVs from reaching the synaptic region.
Since sad-1 mutants also showed a strong genetic interaction with unc-104(ce782) grown at the permissive temperature, we wanted to determine if SAD-1 and other synapse-assembly proteins also have a role in SV transport. We therefore tested whether syd-1, syd-2, and sad-1 null mutants have an increased net ratio of minus-to plus-end-directed transport as assayed by a neuron-wide SV distribution analysis. If synapse-assembly mutants have an increased net ratio of minus-to plus-end-directed transport, SVs should accumulate in the dendrite since most dendritic microtubules in C. elegans cholinergic motor neurons are oriented with their minus-ends out (Goodwin et al. 2012; Yan et al. 2013) . Previous studies have reported increased levels of SV markers in the dendrites of the synapse-assembly mutants syd-1 and sad-1 (Hallam et al. 2002; Hung et al. 2007 ). This could result from an axon-dendrite polarity/identity defect or, alternatively, it could result from a SV transport defect. If it is a transport defect, then both the cell soma and the dendrite should have increased levels of the synaptic vesicle marker, as is the case when UNC-104 function is reduced. If it is an axon-dendrite polarity/identity defect, then there is no reason to expect that the synaptic vesicle marker should accumulate in the cell somas of synapse-assembly mutants. Indeed, the hypothesis proposed for sad-1 and syd-1 mutants is that the axon maintains its identity, but the dendrite also takes on the identity or partial identity of an axon (Hallam et al. 2002; Hung et al. 2007 ). In C. elegans cholinergic motor neurons, this would produce a motor neuron with two axons. If this were the case, then SVs should be driven in two directions away from the cell soma to populate the two axons. Thus, if there is a conversion or partial conversion of the dendrite into an axon in the mutants, eliminating sad-1 should, if anything, decrease SV density in somas.
We first quantified SV density in the DA9 dendrite and cell soma of synapse-assembly single mutants and found increased levels at both locations in all of the mutants. Dendritic SV density in syd-1, syd-2, and sad-1 mutants was increased by 4-, 4-, and 7-fold over wild type, respectively, and cell soma SV density was increased by 2-to 2.75-fold over wild type ( Figure S2 ). All of the differences were highly significant. However, because the synapse-assembly mutants had wild-type total levels of GFP-RAB-3 in their axons (Figure 13C ) and increased levels in their somas and dendrites we could not rule out that the mutations indirectly affected expression of the transgene. We therefore repeated the experiment using the ceIs263 integrated transgene, which expresses GFP-RAB-3 in a subset of DA-and DB-type cholinergic motor neurons and contains an internal expression control of soluble mCherry expressed from the same transgene promoter. Using this new transgene, the synaptic region SV density was significantly lower than that of wild other for any of the parameters. (B) For unc-104(ce782) at 20°, N is 3 for the axon images and 5 for the soma and dendrite images. P-values comparing wild type and ce782 at the same temperatures are ,0.0001 for both sets of axon data and the 13.5°soma data. P = 0.014 when comparing wild type and ce782 soma levels at 20°. Differences between wild type and ce782 in the dendrite are not significant. type for the syd-2 null mutant (70% of wild type), but was not significantly different from wild type for sad-1 or syd-1 null mutants ( Figure 15A ). The somas of syd-2, sad-1, and syd-1 mutants had SV densities that were 6-, 6-, and 3-fold higher than that of wild type, respectively, while dendritic levels were increased by 8-, 9-, and 3-fold over wild type, respectively ( Figure 15B ). These strong increases in the somas and dendrites did not result from the mutations affecting expression of the transgene: levels of the soluble mCherry expression control were not significantly different from wild type for syd-2 and sad-1 mutants. The syd-1 mutant did show a significantly increased level of soluble mCherry, but this level was only 1.5-fold higher than that of wild type ( Figure 15C ). To determine if the soma/dendrite accumulation of SVs is dynein dependent we tested the extent to which a nud-2 null mutation altered the SV distribution in the syd-2 Figure 11 CDK-5 (Cyclin-dependent kinase 5) inhibits dense core vesicles from accumulating in dendrites in mutants with an impaired UNC-104 (KIF1A) motor. (A-C) As indicated, graphs and representative images of INS-22-Venuslabeled DCVs (A and B) or soluble mCherry (C; internal expression control; graph only) expressed from the ceIs255 integrated transgene in strains with the indicated genotypes that were hatched and grown at 13.5°before imaging the indicated regions at room temperature. Images from the mutants are scaled identically to wild type at the same temperature. Data are means and standard errors from 13-15 animals each. *** and **, P-values of ,0.001 and ,0.01, respectively, for comparisons with wild type. P-values for other comparisons are indicated in blue. Unmarked bars do not differ significantly from wild type.
null mutant. The nud-2 null mutation significantly increased SV density in the synaptic region of the syd-2 null mutant, to a level that was not significantly different from wild type ( Figure 15A ). Correspondingly, eliminating nud-2 lowered soma and dendritic SV density in the syd-2 null mutant from 6-and 8-fold higher than that of wild type, respectively, to 2.5-fold higher than that of wild type, without affecting the transgene expression level (Figure 15 , B and C). The data suggest that the high levels of SVs in cholinergic motor neuron somas and dendrites of synapse-assembly mutants result from a transport defect rather than a problem with axon-dendrite identity in adult animals.
Discussion
Using a forward genetic screen we discovered a mutation in the UNC-104 motor domain that, for the first time, allows the use of temperature to alter plus-end-directed KIF1A motor activity and thus control SV and DCV levels in axons. In this study, we used growth and behavioral analyses, quantitative imaging of neuron-wide vesicle distributions, and time-lapse analyses of vesicles in living animals to investigate how temperature affects growth, locomotion, and vesicle transport in the mutant. These studies led us to discover a major difference between SV and DCV transport with respect to their entry into dendrites when UNC-104 activity is reduced. The mutant also contributed to our discovery that multiple synapse-assembly proteins, and not just SYD-2, have dual roles in determining SV cluster stability and in regulating SV transport.
G105E: a rare temperature-sensitive mutation in the UNC-104 (KIF1A) motor domain
To the best of our knowledge, this is the first reported conditional mutation in a kinesin motor domain. Mutants hatched and grown at the restrictive temperature of 25°e ssentially have the unc-104 null phenotype of .90% larval arrest. This suggests that mutant UNC-104 protein produced at this temperature is nonfunctional. Mutants hatched and grown at the intermediate temperature of 20°are viable, but have a strong reduction-of-function phenotype in which both locomotion rate and SV content at synapses are reduced to ,5% of wild type. Mutants hatched and grown at the permissive temperature of 13.5°have locomotion rates and SV content at synapses that are 50% of wild type and often exhibit wild-type sinusoidal movement.
The time-lapse and locomotion time-course studies suggest that mutant protein produced at the permissive temperature is relatively functional and is not immediately and completely inactivated by switching to the restrictive temperature. The increased temperature does acutely (within 20 min) decrease the fraction of DCVs that are mobile and the retrograde velocity. However, after 12 hr at the restrictive temperature, correlating with a lack of detectable DCVs in axons at this time point, we see a significant drop in anterograde velocity (that is not accompanied by a corresponding drop in retrograde velocity) that results in significantly longer retrograde movements relative to anterograde movements. Our time-course experiments revealed an abrupt 50% decrease in both locomotion rate and SV content at synapses that occurred 12 hr after shifting to Figure 12 Synaptic stability under conditions of excessive retrograde synaptic vesicle transport. Animals of the indicated genotypes were hatched and developed to various larval stages at the permissive temperature of 13.5°and then were shifted to 25°for the indicated times to complete development to young adulthood followed by imaging of GFP-RAB-3 expressed from the integrated transgene wyIs85. Graph points represent the means and standard errors of 6-14 animals. Representative images (bottom) are identically scaled at each time point. the restrictive temperature. This suggests that the mutant protein undergoes a transition to a stronger loss-of-function state after 8-12 hr at the higher temperature. One possibility is that it becomes destabilized after a certain number of step cycles at the higher temperature. Although it is clear from the time-lapse experiments that this transition does not produce the null state of the protein, the persistence of stable SV clusters at synapses after this point should not be taken as evidence that new SVs are reaching the synaptic region (see below). Indeed, the lack of DCVs in axons at this time point suggests that axons no longer have the anterograde transport activity necessary to move DCVs to the distal commissure or synaptic region.
Our quantitative analysis of SV distribution in the mutant revealed a striking buildup of SVs in motor neuron dendrites (10-and 24-fold higher than that of wild type at the permissive and restrictive temperatures, respectively). Previous studies using the unc-104(e1265) allele also reported this (Yan et al. 2013; Maeder et al. 2014) ; however, our nud-2 behavioral and imaging experiments are the first evidence that the dendritic accumulation of SVs in an unc-104 loss-offunction mutant and the accompanying effects on locomotion are dynein dependent. The e1265 mutation impairs the binding of UNC-104 to SVs and is on the opposite end of the protein from the motor domain . This indicates that the strong dendritic accumulation of SVs is a general consequence of reduced plus-enddirected SV transport, rather than a phenotype specific to the unc-104(ce782) allele.
Our time-lapse analyses also revealed a significant decrease in the retrograde velocities of both DCVs and SVs in the unc-104 mutant. Prior studies found that a unc-104 reduction-of-function mutation in the cargo-binding domain had no effect on SV retrograde velocity, despite causing a decrease in anterograde velocity Maeder et al. 2014) . Since the ce782 mutation is in the motor domain, which is on the opposite end of the protein from the cargo binding domain, it is possible that the ce782 mutation also indirectly affects dynein motor activity in these bidirectionally moving vesicles.
Why don't DCVs accumulate in dendrites when the UNC-104 motor is impaired?
One of the findings to come out of our study is that entry of SVs and DCVs into dendrites is differentially affected under conditions of reduced UNC-104 activity. No prior study has compared the dendritic accumulation of SVs and DCVs in the same neurons under conditions of reduced UNC-104 function. We found that, unlike SVs, which accumulate in unc-104 mutant dendrites at levels up to 20-fold higher than that of wild type, DCVs do not accumulate in dendrites when UNC-104 function is reduced. One possibility is that the DCV neuropeptide cargo we tagged (INS-22-Venus) is degraded in, or secreted from, the soma/dendrite regions.
However, although the data do not allow us to determine the extent to which somatic neuropeptide secretion occurs under conditions of reduced UNC-104 function, two observations suggest that differences in the way cholinergic motor neurons regulate the transport of DCVs and SVs into dendrites contribute to the lack of DCV accumulation in unc-104 mutant dendrites. First, when UNC-104 activity is reduced, the fold increases of SVs in DA9 somas and DCVs in DA6/ DB6 somas are similar (about threefold), and yet the dendritic levels are dramatically different (14-fold for SVs and 0-fold for DCVs). Second, in unc-104; cdk-5 double mutants grown at 13.5°, DCVs accumulate in dendrites at levels that are 14-fold higher than that of wild type. If dendrites were unable to store DCVs under conditions of reduced UNC-104 activity (e.g., due to secretion or degradation), then we would not expect to see this stable increase. Indeed, the fold increase of DCVs in unc-104; cdk-5 mutant dendrites is about the same as the fold increase seen with SVs in unc-104 single mutant dendrites. Thus, the data suggest that the relative absence of DCVs in unc-104 mutant dendrites results from CDK-5 inhibiting their transport to dendrites rather than enhanced secretion after transport to dendrites. CDK-5 could perform this function by negatively regulating dynein, by positively regulating UNC-104, or by regulating both motors.
The finding that SVs in the unc-104 mutant dendrites are present at levels that are as high, or higher than, the Figure 14 Synaptic assembly proteins are required to produce synaptic vesicle clusters at synapses when anterograde synaptic vesicle transport is compromised. (A) Synthetic genetic interactions between unc-104 and the synaptic assembly mutants syd-2 and sad-1. Animals developed and grown at the permissive temperature of 13.5°were transferred to plates equilibrated at 23.5°and allowed to adjust to the assay temperature for 8 min before counting body bends for a 6-min interval. The locomotion rate of syd-2(ok217) is not significantly different from that of wild type. By comparison, the locomotion rates of the two unc-104; syd-2 double mutants that were grown at 13.5°are not significantly different from an unc-104(ce782) single mutant grown at the restrictive temperature of 20°( the latter of which is shown in Figure 2B ). Data are means and SEMs from populations of 12 animals. P-values are shown in blue for selected comparisons. (B) Boxed region in drawing indicates region imaged. Quantification and representative images of GFP-RAB-3 SVs in the synaptic region of the DA9 motor neuron in strains with the indicated genotypes that were hatched and grown at the permissive temperature of 13.5°. GFP-RAB-3 is expressed from the integrated transgene wyIs85. Images are identically scaled relative to wild type at the same temperature. Graph data are means and standard errors from 14 animals each. The unc-104(ce782); syd-2(ce759) double mutant has significantly lower levels of GFP-RAB-3 in the synaptic region than either single mutant. P-value shown in blue. levels in unc-104 mutant somas suggest that wild-type CDK-5 has limited or no capacity to prevent the dendritic accumulation of SVs in the unc-104 mutant. Adding to this puzzle is the finding that both DCVs and SVs use CDK-5 and SYD-2 to prevent their dynein-dependent loss to dendrites in unc-104(+) backgrounds (this study; Goodwin et al. 2012; Goodwin and Juo 2013) , so both SV and DCV transport are normally regulated by CDK-5 and SYD-2. It is unclear why this difference between DCVs and SVs is apparent only in an unc-104 reductionof-function background. One possibility is that reduced unc-104 function reproduces a physiologically relevant condition that triggers the differential regulation of the two vesicle types. 
Synapse stability under conditions of excessive retrograde transport
Electron microscopy studies using high-pressure freezing or cryo-EM of synapses in vertebrates, Drosophila, and C. elegans have revealed a filamentous network that clusters SVs near the active zone, as well as an elaborate electron-dense projection centered on the active zone. This dense projection contacts vesicles in the cluster and extends thin filaments deep into the cluster to anchor the cluster to the plasma membrane (Siksou et al. 2007; Fouquet et al. 2009; Fernandez-Busnadiego et al. 2010; Jiao et al. 2010; Stigloher et al. 2011) .
The ability to conditionally control SV transport using unc-104(ce782) enabled us to investigate the stability of these mature SV clusters under conditions of excessive retrograde transport. Our imaging time-course data suggest that, after 12 hr at the restrictive temperature of 25°, a population of 50% of the SVs is abruptly lost; however, no further loss occurs after this. The timing of the SV loss correlates with a 50% decrease in locomotion rate that also does not further decrease with time. In contrast to SVs, the DCV marker is undetectable in unc-104(ce782) axons after 12 hr at the restrictive temperature. DCVs are only slightly enriched at synapses (Hammarlund et al. 2007) and, although some can be connected to the SV cluster via filaments, they tend to localize to the outer edge of the cluster when they are present at synapses (Stigloher et al. 2011) . This lack of clustering of most DCVs at synapses as well as their presence on the outer edge of the cluster (i.e., with potentially fewer connections) may make DCVs more vulnerable to dynein-mediated loss when UNC-104 is impaired. Although our results do not identify the population of SVs that was lost during the time course, we hypothesize that it may be a population with no filamentous connections to the cluster and/or SVs that have fewer connections because they are on the outer edge of the cluster. However, if motors are capable of breaking off tethered vesicles from the outer edge of the cluster, then it must be only a subset of weakly tethered vesicles, because no further SV loss occurs after the initial 50% loss even though a new outer cluster edge would be formed. Alternatively, it is possible that the resistant population has lost its ability to serve as a cargo for the dynein motor complex irrespective of whether it is tethered to the cluster, or that tethering to the cluster is also associated with loss of transport capacity. Because SV clusters stabilized at 50% of the preshift levels for hours after the temperature shift, the data also suggest that recycling SVs (which may be briefly untethered) are not vulnerable to loss by the retrograde motor.
We also considered the alternative hypothesis that the decrease in axonal SV content after the temperature upshift might result from SV turnover/degradation at synapses; however, if this were the case, then the loss would continue at later time points, and it does not. Furthermore, the axonal SV content mirrors the effects on locomotion rate since there is an abrupt 50% decrease in locomotion rate between 8 and 12 hr postshift, with no further decrease at later time points. This indicates that the remaining axonal SVs in the ventral cord motor neurons are functional.
The role of synapse-assembly proteins in anchoring synaptic vesicles to the synaptic region
The ability to express GFP-RAB-3-tagged SVs in a single identified motor neuron allowed us to determine how synapseassembly proteins affect the distribution of SVs between the synaptic and asynaptic regions. Both syd-1 and syd-2 mutants showed reduced levels of the synaptic vesicle marker in the synaptic region, which has also recently been demonstrated for syd-2 mutants using an EM analysis . Although syd-2 mutants have a SV transport defect, the reduced SV density at syd-2 mutant synapses is not the result of a transport defect (i.e., SVs not reaching the synaptic region) because we found synaptic vesicle clusters in the distal asynaptic region of syd-2 mutants that brought its total axonal GFP-RAB-3 to wild-type levels. We found similar levels of SVs in the distal asynaptic regions of syd-1 and sad-1 mutants.
A study using high-pressure freezing EM and tomographic reconstructions of active zones found that syd-2 mutants have a redistribution of vesicles away from the dense projection and reduced numbers of undocked vesicles contacting the dense projection (Stigloher et al. 2011) . Consistent with syd-2 mutant dense projections having a reduced capacity to tether SVs, another recent EM reconstruction study found that syd-2 null mutants have significantly smaller dense projections ). In complementary studies, time-lapse imaging of GFP-RAB-3-tagged SVs revealed that a syd-2 null mutation increased the dissociation rate of SVs from mature synapses in the synaptic region of the DA9 neuron, which is the same neuron we imaged in this study (Wu et al. 2013) . The distal SV clusters we observed may result from UNC-104 transport of untethered or loosely tethered vesicles from the synaptic region to the distal asynaptic region. While this manuscript was in preparation, a study in Drosophila also reported the accumulation of SV markers in the distal asynaptic regions of motor neuron axons in fly Syd-1 and liprin-a (the ortholog of SYD-2) mutants, but sad-1 mutants were not tested (Li et al. 2014) . The same study also showed distal accumulation of the active zone proteins Bruchpilot and RIM (UNC-10); however, Li et al. (2014) also found no evidence that the distal clusters were undergoing exo-/endocytosis cycles as indicated by FM1-43 dye-loading experiments. Since the smaller size of the dense projection in syd-2 mutants ) might reflect an underlying instability of the dense projection in syd-2 mutants, it is possible that the distal clusters also contain detached pieces of the dense projection with active zone proteins. Alternatively, active zone proteins might be present as a consequence of being cotransported with 23% of SV clusters from the cell soma to the synaptic region, as was observed in wild-type motor neurons (Wu et al. 2013) .
A second distinct role for synapse-assembly proteins in regulating the transport of synaptic vesicles and dense core vesicles
The finding that SYD-2, SAD-1, and SYD-1 regulate SV and DCV transport contrasts oddly with their functions in synapse assembly and stability. Although prior studies have demonstrated a role for SYD-2 in SV and DCV transport in Drosophila and C. elegans Goodwin and Juo 2013; Zheng et al. 2014) , our study provides the first evidence that multiple synapse-assembly proteins, in addition to SYD-2, also have roles in vesicle transport. Past studies of SAD-1 and SYD-1 have reported SV accumulation (but not DCV accumulation) in sad-1 and syd-1 mutant dendrites; however, the proposed cause was that the dendrite took on the identity of an axon, referred to as a "polarity defect" (Hallam et al. 2002; Hung et al. 2007; Kim et al. 2008; Kim et al. 2010) . Although a disruption of dendrite identity would lead to the observed accumulation of SVs in dendrites, such a defect should, if anything, decrease SV density in the cell somas of sad-1 and syd-1 mutants because the neuron would now have two axons to fill with SVs. However, if a transport defect is the major cause of the vesicle redistribution in sad-1 and syd-1 mutants, then both the cell soma and the dendrite should have increased levels of the SV marker, as is the case when UNC-104 function is reduced. Our neuron-wide analysis of the SVs in adult animals confirms that sad-1, syd-1, and syd-2 mutants, like unc-104 mutants, all have high SV densities in their somas. In the accompanying study (Edwards et al. 2015) , our analysis of cell soma organelle trafficking in the same motor neurons supports a general organelle transport function for SAD-1, SYD-1, SYD-2, and CDK-5, as well as STRD-1 (STRADa), a protein shown to directly interact with SAD-1 (Kim et al. 2010) . The demonstration that sad-1 and syd-2 null mutants have wild-type rates of coordinated locomotion (Edwards et al. 2015) also suggests that the axons and dendrites in the cholinergic motor neurons that mediate this locomotion maintain their proper identity despite the transport defect.
Despite the lack of evidence for an axon-identity defect in the synapse-assembly mutants in C. elegans cholinergic motor neurons, prior studies have demonstrated a clear role for SAD-1's mammalian orthologs SAD-A and SAD-B in specifying axon identity in forebrain neurons (Kishi et al. 2005) , where SAD-A/B act in a pathway downstream of the LKB1 kinase (Barnes et al. 2007 ). However, neurons outside the cortex, including motor neurons and many other types of central neurons, do not require the SAD kinases or LKB1 for axon formation or identity (Lilley et al. 2013) . SAD-1 and its mammalian orthologs also regulate axon termination (Crump et al. 2001 ) and terminal branching (Lilley et al. 2013) in certain classes of sensory neurons. It is unclear whether this latter function could be related to the transport function of SAD-1.
Since the synapse-assembly mutants have somatic and dendritic vesicle accumulation (i.e., minus-end-directed accumulation), the wild-type role of these proteins could be to stimulate UNC-104, to inhibit dynein, or both. A prior study found that SYD-2 physically interacts with UNC-104 and increases the anterograde velocity of UNC-104-GFP and a SV marker, resulting in an overall bias toward minus-end transport in a syd-2 null mutant, although data from the same study also shows reduced net transport of a YFP-tagged dynein subunit . A recent study found that DCV trafficking in the axon and dendrite was decreased in both directions in a syd-2 null mutant with no change in the ratio of anterograde to retrograde movements, although plusend-directed velocity was reduced in the dendrite (Goodwin and Juo 2013) . Another recent study found that SAM-4 acts in the same pathway as SYD-2 and, consistent with the findings of Goodwin and Juo (2013) , found reduced processivity (i.e., reduced numbers of moving vesicles, reduced run lengths, and increased frequency of pauses) of sam-4 null mutants in both the plus-and minus-end directions (Zheng et al. 2014) .
It is not immediately apparent why SAD-1, SYD-1, and SYD-2 have dual roles in active transport and synapse assembly/stability. One possibility is that neurons have developed an elegant and efficient process that uses some of the proteins that aid in transporting vesicles to their final locations to establish concentrated clusters of SVs at those locations. In this hypothesis, the synapse-assembly proteins would be cotransported with SVs, stimulating their transport along the way, and then deposited at the active zone. However, past studies have found that only 23% of SVs are cotransported with SYD-2 (Wu et al. 2013) and that neither SAD-1 nor SYD-1 nor SYD-2 requires UNC-104 to accumulate at synapses (Patel et al. 2006) . This suggests that SYD-2's regulation of UNC-104 may occur prior to SVs entering the axon, or perhaps only during the initial stages of transport, or that it may act on a subpopulation of SVs. SYD-2 may be especially well adapted to fulfill both a regulatory role (in transport) and a structural role (at the active zone) since it appears to belong to a class of "intrinsically unstructured proteins" that are able to bind several partners in a structurally adaptive process ).
The generality of the active transport functions of synapse-assembly proteins is supported by the accompanying study, which shows that SAD-1, SYD-1, SYD-2, and CDK-5, as well as STRD-1 (STRADa), a protein known to directly interact with SAD-1 (Kim et al. 2010) , regulate the active transport of multiple cell soma organelles in a gatekeeper system that controls entry of those organelles into axons and dendrites (Edwards et al. 2015) . a grant from the National Institute of General Medical Sciences of the NIH (R01GM080765 to K.G.M). The content of this article is solely the responsibility of the authors and does not necessarily represent the official views of the granting agency.
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Other unc-104 loss-of-function mutants show a strong loss-of-function SV transport phenotype after growth at either 13.5° or 20°.
Drawing illustrates the location and anatomy of the DA9 cholinergic motor neuron. The boxed region shows the region imaged. Lower panels show representative images and quantification of SNB-1-YFP in the indicated genotypes. SNB-1-YFP is expressed from the integrated transgene wyIs109. Images are identically scaled relative to wild type. Graph data are means and standard errors from 14 animals each. n.s., not significant. Drawing illustrates the location and anatomy of the DA9 cholinergic motor neuron. The boxed region shows the region imaged. Lower panels show representative images and quantification of GFP-RAB-3 in strains with the indicated genotypes. GFP-RAB-3 is expressed from the integrated transgene wyIs85. Images are identically scaled relative to wild type. Graph data are means and standard errors from 12-13 animals each. ***, **: P<=.001, P<.005 for comparisons of each mutant to wild type.
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Supplemental Materials and Methods
Quantitative fluorescence imaging of live animals and image analysis
Growth of Strains: For strains with wild type growth, we plated 12 L2-stage larvae on each of five locomotion plates and grew them 1 d at 14° + 5 d at 20° or 12 d at 14° or 17d at 11°, as specified, to produce next generation young adult progeny that had grown at developed at specific temperatures. Growth times and plating numbers were modified as determined in pilot experiments for slow growing or lower fertility strains, such as strains containing unc-104(ce782) or nud-2(ok949). ~55 -60 young adults were selected and transferred to an unseeded plate immediately prior to mounting as described below.
Agarose pad slide production: We cleaned the glass slides before applying the agarose pad by placing sets of slides in slide staining dishes and shaking them for 30 min in dilute dishwasher soap followed by 1 min rinses in tap water and house distilled water, and 5 min rinses in 70% EtOH + 1% HCl and house distilled water followed by drying in a 60° oven. Cleaned slides were stored between layers of Kimwipes in a plastic container. We produced ~18-19 mm diameter 2% agarose pads using the method of , with the agarose made in M9 buffer. We produced agarose pad slides in batches and stored them with the pads covered with a 24 x 30 mm coverslip to keep the surface smooth for up to 3-4 weeks in humidified containers at 4°. The protective coverslip was removed and discarded to allow the pad to dry slightly for the final 4 min of the incubation period before applying the coverslip containing the worms.
Mounting animals on agarose pad slides: For imaging synaptic vesicles, we transferred the pre-picked animals into a 30 l drop of 6 mM Levamisole (Sigma L-9756; freshly prepared in M9 buffer from a powder stock) in one pick-full and incubated them for 6 min 10 sec (from the time the animals first touched the drop) on a water-moistened 1.5 cm square pad of folded Kimwipe tissue under a Petri plate lid. For imaging dense core vesicles, we used 30 mg/ ml BDM (2, 3-Butanedione monoxime; Sigma B0753) in M9 buffer as the anesthetic, and we incubated them for 10 min. After the incubation, we removed ~27 l of the solution using a P20 microinjection tip (Eppendorf 5242 956.003), leaving the worms behind in the remaining anesthetic and inverted the coverslip onto an 18-19 mm diameter 2% agarose pad. After straightening the coverslip slightly and nudging it ~1 mm to possibly help with dorsal/ ventral orientation, we sealed two diagonal corners with a dab of clear nail polish and imaged animals over the next 35 -55 min.
Image Acquisition: We acquired images using a Nikon Eclipse Ti-E inverted microscope equipped with a Nikon CFI Apo TIRF 100X/ 1.49 N.A. objective, a Nikon motorized high resolution z-drive, and a motorized filter turret containing GFP, YFP, and Texas Red filter cubes (Semrock). Our illumination source was a SOLA Light Engine LED source (Lumencor). We acquired images with an ORCA Flash 4.0 16-bit camera (Hamamatsu) controlled by Metamorph v. 7.7 software. We controlled exposure times by using Metamorph to turn the LEDs on and off rather than using a shutter. We only collected images from animals with their ventral or dorsal surfaces facing the objective. For images collected from strains with the ceIs255 and ceIs263 transgenes, we located and focused on the target region using the mCherry signal before collecting images with the corresponding vesicle fluorophore to reduce variability due to photobleaching. The ventral target region for ceIs255 and ceIs263 strains was the region centered on the DA6/ DB6 cell soma pair; the dorsal target region was the synaptic region centered on where the DA6/ DB6 posterior commissures merge with the dorsal cord for ceIs255 and the region posterior to where the DB7 commissure merges with the dorsal cord for ceIs263. Z-series interval sizes, plane numbers, and exposure times were as follows: wyIs85 strains: 0.312 m X 14, 100 msec GFP light; ceIs255 strains: 0.312 m X 14, 75 msec YFP light; ceIs263 strains: 0.312 m X 16, 20 msec GFP light. The LEDs on the SOLA Light Engine were turned off via software control between successive planes. Before imaging each strain, we measured the light power of the peak emission wavelength at the objective plane using an XR2100 power meter (Lumen Dynamics) and an XP750 objective plane light sensor (Lumen Dynamics) with the stage position set at a standard distance (z-position) from the objective. We then adjusted the percent power of the SOLA Light Engine to produce the targeted mW power for the experiment, which typically was ~42% or 25% of maximum power for GFP and Venus imaging, respectively. The percent power required to reach the target value typically varied by <=1% over the course of each experiment.
Processing Images: We used AutoDeblur Gold CWF (Media Cybernetics) to deconvolve the image stacks using the Adaptive PSF blind method and 10 iterations at the low noise setting. After deconvolving, we used Metamorph to make maximum intensity projections of each image stack. Images referred to as "straightened" were produced using Image J with the "Straighten" plug-in (line width 20 pixels; no spine fit).
Quantifying Images: We used Metamorph 7.7 for all analysis and quantification. To quantify dorsal axon synaptic vesicle fluorescence intensities per micron, we first used the multi-line tool to mark a 40 micron region that paralleled the brightest part of the synaptic region. We then used the trace region tool to trace the outline of this synaptic region and obtained the total integrated fluorescence in the region, which, after subtracting an identical "on animal" background region, we then normalized per m. To measure synaptic region length we first reviewed wild type (wyIs85) synaptic region images and set a minimum threshold for synaptic puncta intensity in the synaptic region of DA9. We applied this threshold to all strains in the experiment. We measured the length of the region from the first to the last puncta that equaled or exceeded the threshold. To compute "total synaptic fluorescence", we traced the synaptic region defined by the above threshold and obtained the total integrated fluorescence of the region, from which we subtracted an identical "on animal" background region. When quantifying axonal DCV fluorescence intensities, we traced from edge to edge of the field of view. We then copied the region and shifted it onto a region of the animal immediately adjacent to the cord to obtain the background value. We logged data to an Excel spreadsheet, which subtracted the background and computed the total fluorescence per micron of cord length. We produced regions for the DA9 cell soma and background similarly. For strains in which we quantified DA6 and DB6 cell somas, we traced each soma separately and added them together. To trace the DA9 dendrite region, we traced from the point where the dendrite begins widening as it leaves the cell soma to a point ~20 m distant (or until it went out of focus if it did so), measuring the exact distance with the multi-line tool. For images quantifying the distal dendrite regions around DA6 and DB6, we used the multi-line tool to trace 20 m along the dendrite starting at one of the cell soma boundaries that faces the other cell soma. If the region between and including the two somas was >20 m, we deleted these lines and started each of the two dendrite regions at the outer edge of each soma, proceeding outward to each edge of the image. If the region between and including the two somas was <=20 m, we made a second line that followed the dendrite in the opposite direction starting at the inner boundary of the other cell soma and proceeding in the opposite direction. If we came to the other cell soma before reaching 20 m, we continued measuring across the soma to the dendrite on the other side of the soma until we reached 20 m. We then started our dendrite traces at the end of each of these two lines, proceeding outward to each edge of the image using the Trace Region tool and combining the data from the two dendrite regions. For images quantifying the proximal dendrites around DA6 and DB6 we used the trace region tool to trace the region between the two cell somas, stopping at 20 microns if the region between the two somas was >20 microns.
Producing Representative Images: After quantifying an image set we produced representative images for display by saving 8-bit versions of an image that was close to the mean +/-standard error for the set. All representative images were scaled identically to the reference strain, which was usually wild type at a specific temperature.
Time lapse video microscopy of dense core vesicle active transport in live animals
Growth of Strains: Animals were grown to the young adult stage as described above for quantitative fluorescence imaging, except we used more locomotion plates (30 for wild type; 60 for ce782) to provide sufficient numbers of animals for the many time lapse mountings.
Agarose Pad Slide Production: To avoid variability in agarose pad dryness, which affects animal compression and can affect active transport activity, we standardized a protocol for agarose pad slide production for time lapse imaging. After melting 0.2 g of agarose in 10 mls of M9 in a 50 ml glass bottle, we poured 0.5 ml of the molten agarose into several 1.5 ml microcentrifuge tubes in a 100° Isotemp block (Fisher). We inserted a blunt P200 pipet tip into each of 4 microcentrifuge tubes filled with distilled water and heated them to 100° in the Isotemp block. We preheated 8 clean slides (see above protocol for cleaning slides) along the front and back plastic surfaces of the Isotemp block outside of the metal tube-holding blocks. We then arranged 4 pairs of spacer slides (slides with 1 layer of lab labeling tape + 1 layer of ¾ inch Scotch tape to raise them off the bench), tape side up, in front of the Isotemp block. To make the agarose pads, we placed one of the warm bottom slides between the first pair of spacer slides. We then moved one of the warm top slides to a Sardstedt Styrofoam block that was in front of the first pair of spacer slides such that the slide was in perpendicular orientation relative to the bottom slide. We removed the first hot blunt P200 tip from its hot water tube in the Isotemp block, shook it to get rid of excess water, and attached it to a P100 set on 50 l. We then pipetted 50 l from the open tube of molten agarose, lifting the tube out of the block briefly during pipetting. We began pipetting immediately when the tip touched the agarose, and then set the tube back in the block and pipetted the agarose onto the bottom slide between the spacers. After hovering the top slide over the agarose drop for ~1 sec, we then applied the top slide perpendicular to the bottom slide, from one edge of the drop to the other. We adjusted he amount of finger pressure to give an average size pad of 18-19 mm in diameter. After the 4 slides were made, we pre-warmed another set of 8 slides and 4 blunt P200 tips for the next set. We then removed the top slide from the first slide pair and immediately applied a 24 X 30 mm coverslip to the agarose pad such that the long dimensions of the coverslip and slide are perpendicular to each other and the coverslip hangs off the edge of the slide, and then transferred this to a humidified plastic container. Slides were stored at 4° in a humidified plastic container until they were used the next day.
Temperature control: To mount and image animals at 13.5° we transferred our entire imaging system to a constant temperature room set at 13.5°, monitoring the temperature with CheckTemp digital thermometers (Hanna). To mount and image animals at 25°, we used portable heaters to control the temperature of the microscope room and CheckTemp thermometers in the mounting and imaging areas of the room to monitor the temperature.
Mounting animals on slides: We first equilibrated the agarose pad slides at the intended temperature (in their humidified container) and prepared fresh 6 mM Levamisole in M9 from a powder stock of Levamisole (Acros Organics; AC187870100; <6 months old). To mount animals on a pad, we pre-picked 30-40 young adults to an unseeded plate, applied 30 l of 6 mM levamisole to a 24 X 30 mm coverslip, picked the 30 young adults to the droplet in one pick-full, and incubated them for 6:10 min on a moist Kimwipe square under a Petri plate lid. Immediately at the start of this incubation we removed an agarose pad slide from the humidified container, removed its protective coverslip, applied 10 l of 6 mM Levamisole in M9 to the pad, and re-applied the same coverslip. With ~40 seconds remaining in the 6:10 min incubation time, we removed the coverslip from the slide, taking care to remove as much of the 10 l of liquid as possible along with the coverslip and blotting around the edge of the agarose pad with a Kimwipe. At the end of the 6:10 min, we used a Kimwipe to dry the moisture from the bottom of the coverslip containing the worms, and, while supporting the coverslip on a Petri plate lid, removed 23.5 -25.5 l of liquid using a P20 and bent gel loading tip while viewing the animals under the stereomicroscope. We then inverted the coverslip onto the agarose pad and sealed two diagonal corners with nail polish. The goal was to have only a very small amount of liquid overflow around the edges of the pad, and the coverslip relatively loose, but not floating on liquid.
Image Acquisition: We acquired images using the same microscope, camera, and computer system described above for use in collecting static images. For dense core vesicle imaging in strains carrying ceIs201, we adjusted the light power of the SOLA LED light engine to 23% (a good level for reducing bleaching during the time lapse without compromising signal). We mounted the slide on the microscope and scanned the pad left to right, top to bottom using transmitted light to find the first animal oriented with its dorsal or ventral cord facing the objective. Using the YFP filter, we then looked for motor neuron commissures with 3 or more vesicles visible, and ideally containing 2 or more commissures in the same field of view. At 5:30 min after applying the coverslip, we started the first time lapse and, if we could find another animal within 2 min of completing the first, we also collected a second time lapse. Each time lapse consisted of 100 center-quad frames collected at 40 msec exposure times at 1 sec intervals (13.5°) or 394 msec intervals (25°). For synaptic vesicle imaging in strains carrying ceIs263, we used similar methods, except we set the SOLA light engine at 63% and the exposure time at 50 msec, and we collected 121 frames at 333 msec intervals. For synaptic vesicle imaging, the target region was the DA6/ DB6 commissures proximal to the cell somas in animals oriented with their ventral surface toward the objective, which we located using the soluble mCherry signal in that transgenic array.
Processing Time Lapse Images and Converting them to Kymographs:
We used the Review Multidimensional Data Metamorph plug-in to convert the time lapse images into a multi-image TIFF file. After adjusting the scaling and sliding through the file to determine the point in the commissure that was closest to the cell soma at which an INS-22-Venus or RFP-RAB-3 punctum could be detected, we opened the Kymograph plug-in and used the multi-line tool to trace the commissure, starting at this point and proceeding anterogradely. During tracing we moved back and forth between tracing and the slider such that we could visualize the precise commissure path as DCVs or SVs moved through sparsely populated regions of the commissure (i.e. following the puncta by clicking as they move along the commissure). After ending the trace, we used the Kymograph plug-in to set the line width at 15 -40, depending on the extent to which the animal moved. If necessary, we additionally shifted the position of the line slightly to compensate for animal movement. For some movements that were too large to be compensated for by changing the line width, we manually measured the distance moved using the multi-line tool on a single frame, but scrolling back and forth through multiple frames to determine the starting and ending point of the movement relative to other landmarks in the commissure such as kinks, turns, or stationary vesicles. In other cases where animal movement prevented us from make a full 100 frame kymograph, we made kymographs that only included the segments during which vesicles moved and used those for analysis, noting that no vesicle movements occurred in the frames not included if that was the case. Frames were excluded from the total frame count if vesicle movements occurred that could not be quantified manually or via kymographs. We then created, reviewed, and saved the Kymograph, used the Save Regions plug-in to save the line traces associated with the file, and noted the optimal line width for each trace.
Quantifying DCV Movements from Kymographs: After opening the multi-plane tiff file, using the Load Regions plug-in to re-load the line traces, and setting the line width at the above determined optimum, we re-created the kymograph (previously saved kymographs can't be used to log data). We then used the Line tool to trace each anterograde movement and logged the Distance and Time data for each movement before repeating for the retrograde movements. We defined movements at 25° (or 13.5° in parentheses) as events with velocities of >= 0.35 (0.137) m/ sec for times of >= 0.90 (2.0) sec (for short movements lasting 0.90 (2.0) -3.0 (8.0) sec) or events with velocities of >= 0.075 (0.029) m / sec for times of >= 3.0 (8.0) sec. The movement ends when it pauses for >= 2 (5) sec, when it reverses direction, or when it reaches the end of the time course. Movements that changed their velocity without pausing or changing direction were treated as single point-to-point straight line movements, with one end of the line at the beginning of the movement and the other end at the end of the movement (thus creating an average distance and time from point A to point B). For synaptic vesicle movement analysis, we also quantified the fraction of time each vesicle spent in a paused state. Pauses were analyzed on all movies having at least 60 frames for movement analysis (out of a maximum of 121 frames). These 60-121 -frame sets were observed for movements/ pauses both frame-by-frame and using kymographs. Because of the occasional movement of puncta out of the field of view, each punctum's time spent paused was compared only to its own total time visible -quantified as a proportion of time visible spent paused (i.e. 0.00 indicating that the punctum never paused and 1.00 indicating that the punctum was paused for the entire time it was visible).
Time lapse movies: We annotated multi-plane TIFF files using Metamorph Display > Graphics > Text or Arrow. We converted selected multi-plane TIFF files to movies using Metamorph Stack > Make Movie > AVI, specifying 12/30 th s for each frame (which is real time for the 25° acquisitions collected at 394 msec intervals). Movies were saved as full frames/ uncompressed and converted to Quicktime using Wondershare Video Converter Platinum.
C. elegans Non-wild type Strains
Strain name
Genotype (origin and/ or first use cited if not produced in this study) :ssmCherry] (Hoover et al. 2014) KG4664 ceIs255 [unc-129::INS-22-Venus, unc-129::mCherry, unc-129: :ssmCherry] KG4678 ceIs263 :mCherry] RB1022 nud-2(ok949) (C. elegans gene knockout consortium) Shown is a region of a cholinergic motor neuron commissure from a wild type adult that was hatched, grown, mounted, and imaged at 13.5°. The actual length of the time lapse was 100 seconds (1 frame/ sec), but the movie has been sped up ~2.5 -fold (to 39 sec) to compensate for slower vesicle movements at the lower temperature.
File S7. Time lapse of dense core vesicle movements in unc-104(ce782) at 13.5°.
File S7 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177337/-/DC1. Shown is a region of a cholinergic motor neuron commissure from an unc-104(ce782) mutant adult that was hatched, grown, mounted, and imaged at 13.5°. The actual length of the time lapse was 100 seconds (1 frame/ sec), but the movie has been sped up ~2.5 -fold (to 39 sec) to compensate for slower vesicle movements at the lower temperature.
File S8. Time lapse of dense core vesicle movements in wild type at 25°.
File S8 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177337/-/DC1. Shown is a region containing two cholinergic motor neuron commissures feeding into the dorsal nerve cord. This wild type adult was hatched and grown at 13.5°, and then acutely shifted to 25° (on pre-equilibrated plates) for 23 min during picking and mounting before acquiring the time lapse. Frames were acquired every 394 msec, and the movie frame rate is real time.
File S9. Time lapse of dense core vesicle movements in unc-104(ce782) at 25°.
File S9 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177337/-/DC1. Shown is a region of a cholinergic motor neuron commissure. This unc-104(ce782) mutant adult was hatched and grown at 13.5°, and then acutely shifted to 25° (on pre-equilibrated plates) for 23 min during picking and mounting before acquiring the time lapse. Frames were acquired every 394 msec, and the movie frame rate is real time.
File S10. Time lapse of synaptic vesicle movements in wild type at 25°.
File S10 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177337/-/DC1. Shown is a region of a cholinergic motor neuron commissure. This wild type adult was hatched and grown at 13.5°, and then acutely shifted to 25° for 23 min before acquiring the time lapse. Frames were acquired every 333 msec, and the movie frame rate is in real time.
File S11. Time lapse of synaptic vesicle movements in unc-104(ce782) at 25°.
File S11 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177337/-/DC1. Shown is a region of a cholinergic motor neuron commissure. This unc-104 mutant adult was hatched and grown at 13.5°, and then acutely shifted to 25° for 23 min before acquiring the time lapse. Frames were acquired every 333 msec, and the movie frame rate is in real time.
